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Petrology and Geochemistry of the Tapira AlkaUne Complex, 
Minas Gerais State, Brazil 
Jose Affonso Brod 
ABSTRACT 
The Tapira alkaline complex is the southernmost of a series of carbonatite-
bearing intrusions occurring in the Alto Paranafba region, western Minas Gerais State, 
Brazil. Together with kamafugites, lamproites and kimberlites, these complexes form 
part of the Late-Cretaceous Alto Paranaiba Igneous Province (APIP). The Tapira 
igneous complex is emplaced into rocks of the Late-Proterozoic Brasilia mobile belt, 
adjacent to a major cratonic area (the Sao Francisco craton). 
The complex is formed by the amalgamation of several intrusions, comprising 
mainly ultramafic rocks (wehrlites and bebedourites), with subordinate syenite, 
carbonatite and melilitolite. At least two separate units of ultramafic rocks (B1 and B2) 
and five episodes of carbonatite intrusion (CI to C5) are recognised. The plutonic rocks 
are crosscut by fine-grained ultramafic and carbonatite dykes. Two varieties of 
ultramafic dykes are recognised: phlogopite-picrites are the most primitive rocks in the 
complex; low-Cr dykes are more evolved, and typically lack olivine. The ultramafic 
dykes are carbonate-rich, and may contain carbonate ocelli, indicating that immiscibility 
of carbonatite liquid occurred early in the evolution of the complex. The ultramafic 
dykes are chemically similar to the APIP kamafugites. 
The primitive Tapira magmas underwent some differentiation in the crust, 
before their final emplacement. Crystal fractionation from the phlogopite-picrite magma 
may have produced olivine and chromite-rich cumulates, but these rocks are under-
represented in the complex. Crystal fractionation from low-Cr dykes may have 
produced the bebedourites. The Tapira complex contains examples of carbonatites that 
originated by either liquid immiscibility or crystal fractionation. These contrasting 
petrogenetic mechanisms have produced distinct geochemical and mineralogical 
signatures, which have been used to pinpoint specific events in the evolution of the 
complex, and to test the consanguinity of carbonatites and associated silicate rocks. 
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C H A P T E R I - INTRODUCTION AND G E O L O G I C A L SETTING 
L l - I N T R O D U C T I O N 
The Tapira complex is located in the western portion of the State of Minas 
Gerais, SE Brazil (Figure I . l ) , immediately to the north of Tapira village and 
approximately 30 km south-southeast of the city of Araxa. It is the southernmost of a 
series of Late-Cretaceous, carbonatite-bearing alkaline plutonic complexes belonging to 
the Alto Paranaiba Igneous Province (APIP, Gibson et al, 1995b). The complex 
intrudes phyllites, schists and quartzites of the Late-Proterozoic Brasilia mobile belt. 
The aim of this thesis is to: i) investigate the geochemical and petrological 
characteristics of the Tapira complex; ii) compare them with similar carbonatite 
complexes in the APIP and elsewhere; and iii) contribute to the understanding of the 
origin and evolution of carbonatites and associated igneous rocks. 
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Figure I.l- Map showing the location of the studied area, in western Minas 
Gerais State, Brazil. 
1.2 - GEOTECTONIC FRAMEWORK 
Figure 1.2 presents a simplified tectonic framework of Brazil, as devised by 
Almeida and Svisero (1991). Three main types of tectonic domains are present: a) 
cratonic areas; b) Proterozoic mobile belts and c) Phanerozoic cover. The two major 
exposed cratonic areas are the Sao Francisco and Amazonas cratons. Smaller cratonic 
regions comprise the Sao Luis craton in the north and the Luis Alves and Rio de la Plata 
cratons in the south. The existence of a large continental area during the Archaean (the 
Parana block), now lying underneath the sedimentary and volcanic cover of the Parana 
Basin, has been suggested by Haralyi and Hasui (1982), on the basis of gravimetric data. 
This is consistent with the results of teleseismic studies (VanDecar et al, 1995), which 
suggested the existence of a deep high-velocity zone under the northern Parana Basin. A 
hypothetical (unexposed) Parana craton has also been presumed by several authors (e.g. 
Scares et al.; 1990, Brod et al., 1991; Viana et al., 1995; Pimentel et al, 1996a) but, 
due to the thick Phanerozoic cover, there is no direct evidence as to the nature of this 
unit. Nevertheless, i f the Phanerozoic cover in Figure 1.2 is disregarded, the geotectonic 
scenario is clearly one of ancient cratonic areas surrounded by younger mobile belts. 
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Figure 1.2 - Simplified tectonic framework of Brazil (after Almeida and Svisero, 1991) 
The geotectonic units that are relevant to the present research are: 1) the Sao 
Francisco Craton; 2) the mobile belts which surround that cratonic area; 3) the Parana 
Basin; and 4) the Cretaceous alkaline provinces that occur along the margins of the 
latter (not shown in Figure 1.2). The discussion in this chapter will therefore be focused 
on these units. Emphasis will be given to the Late-Proterozoic Brasilia belt and to the 
Late-Cretaceous Alto Paranaiba Igneous Province (APIP), because these make up the 
immediate geological setting of the area. However, other major tectonic and magmatic 
provinces in central and Southern Brazil, and in Paraguay will be referred to for 
comparison. A brief description of the major tectonic units is given below. More 
extensive reviews can be found in the compilations by Schobbenhaus Filho et al. 
(1984), Dominguez and Misi (1993) and Pedrosa-Soares et al. (1994). 
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1.2.1 - THE SAO FRANCISCO CRATON 
The Sao Francisco Craton (Almeida, 1977) is surrounded by a number of mobile 
belts (Figure 1.3) generated during the Brasiliano (Late Proterozoic) tectonic cycle, 
which culminated with the amalgamation of the South American Platform. These 
comprise the Brasilia belt to the west, the Araguai belt to the east, the Alto Rio Grande 
belt to the south, and the Rio Preto, Riacho do Pontal and Sergipano belts to the north of 
the craton. The structures within the mobile belts indicate tectonic transport towards the 
craton, and the intensity of metamorphism and deformation increases away from the 
craton. 
Although it is generally accepted that the Sao Francisco Craton has remained 
tectonically stable in relation to the Late-Proterozoic mobile belts, its margins may have 
been involved in the tectonic event of the Brasiliano Cycle to a variable extent (e.g. 
Haralyi and Hasui, 1982; Alkmim et al, 1993). Furthermore, most of its area is 
concealed by an undeformed sedimentary cover of Proterozoic and Phanerozoic age 
(Schobbenhaus Filho et al, 1984; Alkmim et al, 1993). The exposure of the Archaean 
basement (granite-greenstone terrains), with ages ranging from 3,300 Ma to 2770 Ma 
(Pedrosa-Soares et al, 1994, and references therein), is therefore restricted to two areas, 
located in the southern and in the northeastern portions of the craton (Figure 1.3). 
The exact limits of the craton have been a subject of debate and several authors 
have proposed different limits and configurations for it (e.g. Bemasconi, 1983; 
Schobbenhaus Filho et al, 1984; Pires, 1986; Tompkins and Gonzaga, 1989; Trompette 
et al, 1992a; Alkmim et al, 1993). The works of Brod et al (1991), Strieder and Nilson 
(1992) and Pedrosa-Soares et al (1992) have demonstrated that significant portions of 
the mobile belts to the west (Brasilia belt) and to the east (Ara9uai belt) of the craton 
consist of allochtonous thrust slices that may have suffered considerable horizontal 
transport towards the craton. Moreover, evidence from gravity (Almeida et al, 1980; 
Lesquer et al, 1981; Pires, 1986); xenolith (Leonardos et al, 1993), seismic (VanDecar 
et al, 1995) and geochemical/isotopic studies (Gibson et al, 1995b) suggest some 
extent of sub-surface continuity of the Sao Francisco craton to the west, underneath the 
thrust slices of the Brasilia belt. The limits of the craton may therefore be significandy 
wider than those originally envisaged by Almeida (1977). This is further emphasised in 
Figure 1.3, where the thick solid line represents the presently accepted limits of the 
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craton (Alkmim et al., 1993). 
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Figure 1.3 - The Brasiliano Sao Francisco Craton and the marginal mobile 
belts (after Alkmim et al., 1993). The arrows indicate the direction of\ 
tectonic transport. 
Finally, the Sao Francisco craton is geographically divided in two by a NW-
trending belt of low-grade metamorphic rocks (the Paramirin Province, Figure 1.3). 
Since the work of Almeida (1977), this has been generally considered as an intra-
continental rift, containing rocks deposited and metamorphosed during the Middle 
Proterozoic (and therefore incorporated into the cratonic area before the Brasiliano 
cycle). This interpretation is mainly based on geochronological data (e.g. Brito Neves et 
a/., 1979) and challenged by Trompette et al. (1992a,b) and Uhlein et al. (1998) who, on 
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the basis of similarities with the stratigraphy and structural patterns of the Late-
Proterozoic belts, suggest that the Paramirin belt was extensively deformed during the 
Brasiliano cycle and, therefore, cannot be considered part of the craton. They propose 
the division of the Sao Francisco Craton (sensu Almeida, 1977) in two separate cratonic 
areas, the Sao Francisco Craton proper, to the southwest, and the Salvador Craton (as an 
extension of the Congo Craton in Africa) to the northeast of the Paramirin Province. 
The clarification of this debate awaits more detailed geochronological investigations. 
1.2.2 - T H E B R A S I L I A B E L T 
Together with the Paraguay-Araguaia belt, the Brasilia fold-and-thrust belt 
constitute the Tocantins Province (Figure 1.4). The Brasilia belt was formed during the 
Brasiliano cycle, by the tectonic inversion of sedimentary sequences deposited between 
900 and 800 Ma (Fuck et al, 1993) in a rifted basin at the western margin of the Sao 
Francisco Craton. The lithospheric extension during the rifting process reached the stage 
of ocean crust generation (Strieder and Nilson, 1992; Brod et ai, 1992). The subsequent 
thrusting of the volcanic and sedimentary sequences against the Sao Francisco Craton 
resulted in the formation of ophiohtic melanges (Strieder and Nilson, 1992). A similar 
scenario, involving the formation and subsequent tectonic inversion of a restricted (Red 
Sea-type) ocean basin is envisaged by Pedrosa-Soares et al. (1994) for the eastern 
margin of the Sao Francisco Craton (Araguai belt). 
Fuck (1994) provided a summary of the current knowledge about the tectono-
stratigraphic sub-division of the Brasilia belt, recognising the following domains, from 
east to west: a) a cratonic zone, comprising restricted areas of exposed basement and 
extensive areas covered by the meta-sedimentary rocks of the Precambrian Paranoa and 
Bambm Groups, as well as Phanerozoic sediments; b) an external zone, thrust over the 
cratonic zone, comprising the meta-sedimentary rocks of the Paranoa and Canastra 
Groups, and the Vazante and Ibia Formations; c) an internal zone, comprising the Araxa 
Group (metamorphosed sediments and basic volcanics, ophiolitic melange); d) a 
Brasiliano magmatic arc that evolved at 930-600 Ma and shows the chemical and 
isotopic signature of juvenile crust generated in 3j\ island arc environment (Pimentel and 
Fuck, 1992). 
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Figure 1.4 - Tectono-stratigraphic domains of the Brasilia belt (after Pimentel et al, 
1996b). Areas in black represent fragments of the Golds Massif (see text) 
The understanding of the Brasilia belt is further compUcated by the existence of 
two sectors of contrasting structural orientation, situated respectively to the north and to 
the south of a major tectonic structure (the Pirineus lineament), located in Goias State 
(Marini et al, 1984). This inflection in the structural trends of the Brasilia belt (Figure 
1.4) has been recently interpreted (Pimentel et al, 1996b; Fonseca and Dardenne, 1996) 
as an indentation of the foreland to the west, against the eastward tectonic transport of 
the Brasilia belt during the Late-Proterozoic collision between Sao Francisco and 
Amazonas cratons. 
The northern section of the Brasilia belt has a complex tectonic history. 
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including the now well-established Goi^s magmatic arc (Pimentel et al, 1991; Pimentel 
and Fuck, 1992; Viana, 1995; Pimentel et al., 1996b) and fragments of Archaean and 
Early-Proterozoic terrains (Goias Massif). The latter have received contrasting 
interpretations (Fuck et al., 1994; Fuck, 1994), but are lately considered as the original 
palaeogeographic limit between the Sao Francisco Craton and the Late-Proterozoic 
sedimentary basin (Pimentel <2/., 1996b). 
The Araxa-Tapira region is located at the very south of the Brasilia belt (Figure 
1.4). The geological setting of the southern Brasilia belt is dominated by the Proterozoic 
meta-sedimentary rocks of the cratonic and external zones and by meta-sedimentary and 
meta-volcanic rocks of the internal zone of the Brasilia belt. The geographic continuity 
of the magmatism of calc-alkahne. affinity is hinted by Pimentel et al. (1996b) but has 
not as yet been positively demonstrated, which may be due to the extensive area covered 
by the Parana Basin (Figure 1.4). 
More detailed models for the structural evolution of the northern and the 
extreme southern sectors can be found in Fonseca et al. (1995) and Valeriano et al. 
(1995), respectively. 
1.2.3 T H E PHANEROZOIC BASINS 
After the final amalgamation of the South American Platform, at the transition 
from the Proterozoic to the Palaeozoic, the infilling of intra-cratonic basins (Figure 1.2: 
Parana, Amazonas, Pamaiba and - not shown - Sanfranciscana Basins) started in the 
Ordovician-Silurian (Schobbenhaus Filho et al., 1984). 
Relevant to the present study are the Parana and Sanfranciscana Basins, 
occurring respectively to the south and to the north of an important structural high (the 
Alto Paranaiba Arch). The stratigraphic record of these basins is not complete in the 
study area. The units occurring in the Minas Gerais State and, in particular, in the 
Araxa-Tapira region, are described in section 1.3.2 of this Chapter. For a complete 
account of the stratigraphic units of the Parana Basin, the reader is referred to the works 
of Schobbenhaus Filho et a/. (1984) and Zalan et al. (1990). The stratigraphy of the 
Sanfranciscana Basin is described in Seer et al. (1989) and Campos and Dardenne 
(1997a). 
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A model for the tectono-stratigraphic evolution of the Parana and Sanfranciscana 
Basins in the Alto Paranaiba region was devised by Campos and Dardenne (1997b). 
Figure 1.5 illustrates how the independent sedimentation of the Parana and 
Sanfranciscana Basin was greatly influenced by the uplift of the Alto Paranaiba Arch, 
which started in the Early Cretaceous but was particularly intense during the Late 
Cretaceous, coinciding with the emplacement of the APIP rocks. It should be noted that 
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these two periods coincide with extensive magmatic activity in Southern Brazil (see 
below). 
1.2.4 - T H E C R E T A C E O U S - E O C E N E MAGMATISM 
Voluminous magmatism occurred in Central and Southern Brazil, and in Eastern 
Paraguay, from Early Cretaceous until Eocene times. This includes the extensive Early-
Cretaceous continental flood basalts (CFB) that cover much of the Parana Basin (also 
known as the Parana CFB, of the Parana-Etendeka CFB Province) and Early-Cretaceous 
to Eocene alkaline provinces that occur around the margins of the Parana Basin (Figure 
1.6). In both cases, the magmatism has often been associated with the thermal and/or 
chemical influence of mantle-plumes impacting on the base of the underlying 
continental Hthosphere (e.g. Herz, 1977; Toyoda et al., 1994; Gibson et al, 1995a,b, 
1997a; VanDecar et al, 1995; Thompson et al, 1998). Contemporaneous CFB and 
alkaline rocks in western Africa have also been linked with plume impact (e.g. Milner et 
al, 1995b; Milner and Le Roex, 1996; Lanyon and Le Roex, 1995; Le Roex and 
Lanyon, 1998) 
The Cretaceous alkahne igneous provinces occurring at the margins of the 
Parana Basin, in Brazil and Paraguay, have received increased attention during recent 
years, in a series of geochemical, isotopic and mineralogical studies (e.g. Morbidelli et 
al, 1995b; Bizzi et al, 1995; Gibson et al, 1995a,b, 1997a; Comin-Chiaramonti and 
Gomes, 1996; Comin-Chiaramonti et al, 1997; Carlson et al, 1996; Thompson et al, 
1998). The location and age-grouping of these provinces is given in Figure 1.6. The 
geographic distribution of their emplacement ages allows the grouping of these 
provinces into three main categories: a) the northern provinces (Poxoreu, Ipora, Alto 
Paranaiba) are Upper Cretaceous; b) the southem provinces, on both the west (Eastem 
Paraguay Province) and the east (Ponta Grossa Province) have a more widely variable 
age range; Early-Cretaceous magmatism (roughly contemporaneous to the Parana CFB) 
seems to predominate but Late-Cretaceoiis alkaline rocks may also occur (e.g. in the 
Ponta Grossa province and further south, in the Lages and Piratini regions; c) the 
easternmost of the alkaline provinces (Serra do Mar) contains the youngest alkaline 
rocks, varying from Late Cretaceous to Eocene. 
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The Early-Cretaceous alkaline magmatism is thought to be associated with the 
impact of the Tristan mantle plume (Gibson et al, 1997a), which is also considered to 
be responsible for the Parana Etendeka CFB and for the contemporaneous alkaline 
magmatism in western Africa (Milner et al, 1995b; Milner and Le Roex, 1996; Le 
Roex and Lanyon, 1998). The Late-Cretaceous and Eocene magmatism in the north and 
northeast margins of the Parana Basin is thought to be related to the Trindade mantle-
plume (Crough et al, 1980; Gibson et al, 1995b, 1997b; Thompson et al, 1998). 
According to this model, the Poxoreu and Alto Paranaiba provinces are associated with 
the Late-Cretaceous impact of the starting head of the plume under central Brazil, 
whereas the Cretaceous-Eocene Serra do Mar province represents the leakage of hot 
mantle to the south as the thick, eastward-moving lithosphere of the Sao Francisco 
craton passed over the plume tail. 
Gibson et al (1995a) recognised a large-scale geographic zoning in Cretaceous 
mafic potassic magmas, whereby the mafic rocks in the northem provinces (including 
the Serra do Mar province, to the east) are high-Ti ( >2.5 % Ti02), whilst in the 
southem provinces the mafic rocks are typically low-Ti (< 2.5% Ti02), regardless of age 
variation. They interpreted this and other differences in trace-element and isotopic 
signatures as the result of variations in the sub-continental lithospheric mantle (SCLM) 
sources. They also demonstrated the spatial association of "High-" and "Low-Ti" mafic 
alkaline rocks with the "High-" and "Low-Ti" geographical domains of the Parana 
Continental Flood Basalts (CFB), and established a correlation of the two types of 
provinces with mobile belts and cratonic settings, respectively. 
The Tapira alkaline-carbonatite complex, which is the main subject of this thesis 
is part of the Alto Paranaiba Igneous Province (Figure 1.6). This province will be 
described in some detail in section 1.3.3 of this chapter. For descriptions of the 
remaining provinces the reader is referred to the following literature. The location and 
field description of most individual localities of BraziUan and/or Paraguayan alkaline 
rocks and carbonatites can be found in the comprehensive compilation by Woolley 
(1987). More recent accounts are found in Gomes et al (1990); Gibson et al (1995b); 
Comin-Chiaramonti and Gomes (1996); Thompson et al (1998) 
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Figure 1.6 - Location of the alkaline provinces of the margins of the Parand Basin. Open 
circles represent Early Cretaceous rocks; solid circles are Late-Cretaceous rocks (except for 
the Serra do Mar Province - Cretaceous to Eocene). Adapted from Gibson et al. (1995b). 
1.3 - R E G I O N A L G E O L O G Y 
The western part of the Minas Gerais State and, in particular, the Cretaceous 
alkaline rocks that occur in that area have long since been the subject of attention in the 
Brazilian geologic literature. The region of Araxa has been under scrutiny for its mineral 
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resources since the eighteenth century. During the 1950's the importance of the alkaline 
intrusions, containing significant deposits of phosphate and niobium, became well 
established (Barbosa et al. 1970). 
Archaean 




Brasi l ia 
Block 
Figure 1.7 - Main stages of geological evolution of the Minas Gerais State, according to Pedrosa-
Soares et al. (1994) 
Figure 1.7 presents a simplified tectonic evolution of Minas Gerais state, 
summarised by Pedrosa-Soares et al. (1994). Five major stages are recognised: 
a) during the Archaean and Lower Proterozoic the region consisted of 
four large crustal blocks (Brasilia, Vitoria, Sao Paulo and Parana) 
b) during the Middle and Upper Proterozoic, a series of erogenic belts 
and platform sedimentary covers were established. The Sao Francisco 
Craton was then consolidated, surrounded by the Ara^uai, Alto Rio 
Grande and Brasilia Late-Proterozoic fold belts 
c) The beginning of the Palaeozoic marked the establishment of the 
Parana Basin. The basin was then infilled with sediments and, later 
(Early-Cretaceous) with large volumes of flood basalt (Serra Geral 
Formation, or Parana Basalts). 
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d) The uplift of the Alto Paranafba, Mogi-Gua^u and Mantiqueira regions 
took place from the Cretaceous to the Miocene. 
e) Establishment of continental basins and zones of tectonic reactivation, 
during the Neogene and Quaternary (not shown in Figure 1.7). 
The detailed geology of the Alto Paranaiba region is summarised in Figure 1.8. 
An account of the aspects relevant to the present research is given in the sections below. 
1.3.1 - L A T E - P R O T E R O Z O I C UNITS 
The main lithologic units occurring in the vicinity of the Tapira complex belong 
to the internal and external zones of the Brasilia belt (Fuck, 1994; Fuck et al, 1994). 
The internal zone is represented by the granite-gnaisses and the meta-
sedimentary/meta-volcanic sequences of the Araxa Group. The former have 
geochemical affinity with syn-collisional granites and are extensively mylonitised, 
having been, in many instances, transformed in feldspathic micaceous mylonites (H. J. 
Seer, personal communication). This has traditionally misled previous investigators, 
who mapped many of these rocks as meta-sediments, but the work in progress by Seer 
suggests that significant portions of the Araxa schists may be of mylonitic origin. 
Similar, strongly mylonitised syn-kinematic granites have been reported by Brod et al 
(1991) for the region of Coromandel, further to the north. Genuine meta-sedimentary 
rocks of the Araxa Group comprise quartz-mica-schists (occasionally containing one or 
more of the minerals garnet, staurolite and kyanite) and subordinated quartzites. Coarse-
to fine-grained amphibolites, representing the Proterozoic ocean crust, also occur. 
The external zone is represented in the area by the Canastra and Ibia Groups. 
The Canastra Group is composed of locally carbonaceous schists, phyllites and 
quartzites, metamorphosed in the greenschist facies. In contrast with Araxa Group, the 
Canastra quartzites are volumetrically significant components of the meta-sedimentary 
succession, and exert an important control on the regional landscape, including the 
dome-shaped structure resulting of the intrusion of the Tapira complex (Figure 1.9). The 
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Figure 1.8- Geology of the Tapira Region (adapted fromPedrosa-Soares et. al.. 1994 and 
Schobbenhaus et al., 1984). 
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The rocks of the internal zone of the Brasilia belt are thrust over those of the 
external zone (Figure 1.8) and these, in turn, are thrust over the rocks of the cratonic 
zone of the Brasilia belt, consistent with the overall eastward tectonic transport (i.e. 
towards the Sao Francisco Craton) observed elsewhere. 
1.3.2 - P A L A E O Z O I C TO C R E T A C E O U S UNITS 
These rocks are associated to the infilling of the Parana and Sanfranciscana 
Basin, respectively, to the NE and to the SW of the Alto Paranaiba Arch. The 
Phanerozoic units present in Minas Gerais State were summarised by Pedrosa-Soares et 
al (1994) and are briefly described below. 
Parand Basin 
Because the studied area is located at the very margin of the Parana Basin, the 
stratigraphic record is rather incomplete, with only a few units represented. 
The eariiest sedimentary record of the Palaeozoic in Minas Gerais State is the 
Pouso Alegre Formation (Cambrian-Ordovician), composed of sandstones, arkoses, 
polymitic conglomerates, siltites, argilites and marls. These rocks show low-grade 
metamorphism and have been interpreted as either the base unit of the Parana Basin or, 
alternatively, as molassic deposits associated with the end of the Brasiliano tectonic 
cycle (Pedrosa-Soares et al, 1994). 
The next depositional event in the area occurred during the Carboniferous-
Permian, represented by the fluvial-glacial conglomerates, sandstones, siltstones and 
shales of the Aquidauana Formation (Tubarao Group). 
During the Jurassic/Early Cretaceous the Sao Bento Group was deposited, 
comprising aeoHan sandstones of the Botucatu Formation and the flood basalts (plus 
acidic volcanics) of the Serra Geral Formation. The basalts generally overlie, but are 
occasionally intercalated with, the aeolian sandstones. The Serra Geral Formation 
(Parana CFB) correlates with the Etendeka Group of Northwestern Namibia (e.g. Milner 
et al, 1995a), and the two units have often been collectively designated as the Parana-
Etendeka CFB province. This is a large igneous province, similar in volume/area to 
other world-wide CFB provinces (e.g. Karoo, Deccan, Columbia River, Siberia). High 
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Figure L9 - Landsat (TM) image showing the 
dome structure surrounding the Tapira Complex 
(compare regional structure of the rocks of the 
Brasilia Belt, to the north). The area of the 
phosphate mine is also clearly visible in the 
northem portion of the complex. 
Sal i t re 
Figure LIO - Landsat (TM) image showing the 
Serra Negra and Salitre carbonatite complexes. 
The dome structure is well defined around the 
Serra Negra complex, to the north, and less 
visible in Salitre, to the south. 
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precision "^^Ar-^^Ar dating by Turner et al. (1994) indicate that the main eruptive phase 
of the Parana CFB occurred between 138 and 131 Ma. 
The Bauru Group (a continental, terrigenous succession with subordinate 
carbonates) unconformably overlies the Serra Geral Formation. It was deposited in fan 
systems and lakes under a semi-arid regime. The basal unit of the Bauru Group 
(Uberaba Formation) is considered contemporaneous with the extensive Late-
Cretaceous alkaUne magmatism of the APIP (Pedrosa-Soares et al, 1994). 
By the end of the Late Cretaceous a period of relative stability was achieved in 
the region, until neotectonic reactivations of the Middle Miocene started shaping the 
present landscape in the area 
Sanfranciscana Basin 
The earliest sediments recorded from the Sanfranciscana Basin in Minas Gerais 
State are the Permian-Carboniferous glacial (tillites, diamictites, sandstones and shales) 
deposits of the Santa Fe Group, which can be correlated with the glaciation centred in 
the southeast portion of the Parana Basin (Pedrosa-Soares et al., 1994). 
During the Cretaceous, the Sanfranciscana Basin became isolated from the 
Parana Basin by the uplift of the Alto Paranaiba region. The Early Cretaceous is marked 
by the deposition of the Areado Group (conglomerates, siltstones, shales and 
sandstones) in a semi-arid environment. The shape of the depositional basin was 
controlled by NNE-trending faults (Seer et al., 1989). 
The Late Cretaceous witnessed the principal phase of uplift in the Alto 
Paranaiba, with accompanying extensive alkaline magmatism in the Sanfranciscana 
Basin. This is expressed by the alkahne-ultramafic volcanic rocks (flows, breccias, tuffs 
and small intrusions) of the basal unit of the Mata da Corda Group (Patos Formation). 
The volcanic rocks were spatially associated with, and are covered by sandstones and 
subordinate conglomerates (Capacete Formation) deposited in fan systems adjacent to 
the volcanic edifices (Seer et al., 1989). During the Late Cretaceous the well-sorted 
sandstones, with subordinate conglomerates, siltstones and shales of the Urucuia Group 
were deposited in a fluvial environment, with some aeolian contribution. The Urucuia 
Group is considered to be partly synchronous with the Capacete Formation of the Mata 
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da Corda Group (Campos and Dardenne, 1997a). 
1.3.3 - L A T E C R E T A C E O U S A L K A L I N E MAGMATISM 
During the Late Cretaceous the western Minas Gerais and the adjacent portion of 
southern Goias State were the site of emplacement of a large number of mafic to 
ultramafic, ultrapotassic alkaline rocks, collectively known as the Alto Paranaiba 
Igneous Province (APIP: Almeida, 1983; Gibson et al., 1995b). This intense magmatic 
activity is represented by various types of intrusive (dykes, pipes, vents, diatremes, 
plutonic complexes) and extrusive (lavas and pyroclastics) bodies. The work by Gibson 
et al. (1995b) demonstrated that the magma types occurring in the APIP include 
kimberlites, madupitic olivine lamproites and kamafugites, in addition to large intrusive 
complexes composed of ultramafic plutonic rocks (mainly dunites and alkali-
pyroxenites), phlogopite-picrite dykes (previously described as lamprophyres) and 
carbonatites. They have also shown that the province was emplaced in a narrow interval 
of time, between 80 and 90 Ma, despite a much wider span registered in the literature 
(e.g. Ulbrich and Gomes, 1981; Sonoki and Garda, 1988; Bizzi et al., 1993, 1994). 
Rocks of kamafugitic affiliation are by far the most abundant in the province. Madupitic 
olivine lamproites are restricted to the NW portion of the APIP, including the 
occurrences at Bocaina, Corrego do Couro, Morro Alto, Mata do Len90 (Gibson et al., 
1995b). Pipes of diamondiferous (Gonzaga and Tompkins, 1991) kimberhtes, 
containing xenohths of garnet Iherzolite (Leonardos et al., 1993; Carvalho and 
Leonardos, 1995) occur at the locaUty of Tres Ranches (Goias State), in the north of the 
province. 
The ultrapotassic magmatism in the APIP took place mainly along the Alto 
Paranaiba Arch, a NW-SE trending structure which separates the Parana and 
Sanfranciscana Basins. This structure is well marked by magnetic anomalies, interpreted 
by Bosum (1973) as the result of mafic dyke swarms emplaced along a N50°W 
direction. Some of the dipole anomalies observed in aeromagnetometry maps coincide 
with the intrusive alkaline bodies, whilst numerous others may represent unexposed 
intrusions. Two phases of uplift of the Alto Paranaiba Arch have been recognised 
(Campos and Dardenne, 1997b) and are present in the sedimentary record of the region 
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(Figure 1.5). The first phase of upUft was less intense, and Early-Cretaceous in age 
(therefore contemporaneous with the formation of the Parana flood basalts). The main 
phase of uphft occurred in the Late Cretaceous, and is associated with the alkaline 
magmatism of the Alto Paranafba Igneous Province. 
The alkaline magmatism is well represented in the stratigraphic record of the 
Sanfranciscana Basin, where extensive areas were covered by the Mata da Corda Group. 
The chemical and mineralogical ,similarities of these volcanic rocks to kamafugites is 
now firmly established (Seer and Moraes, 1988; Seer et al., 1989; Sgarbi and Valen^a, 
1993, 1994; Sgarbi and Caspar, 1995; Gibson et at., 1995a). K-Ar dating of phlogopite 
separates from the Patos de Minas-Carmo do Paranafba region yielded an age of 83.6 ± 
1.4 Ma. (Gibson fl/., 1995a). 
Lavas and tuff horizons of the Mata da Corda Group commonly contain 
xenoliths of plutonic rocks such as dunite, pyroxenite, melilitite and syenite. This rock 
association is also common in the carbonatite complexes of APIP, and Seer and Moraes 
(1988) suggested that large amounts of these xenohths in the volcanic breccias may 
indicate the presence of intrusive carbonatite-bearing complexes, at depth. Furthermore, 
their petrographic description of the pyroxenite xenoliths (clinopyroxenites containing 
calcic augite, phlogopite, perovskite, apatite, rrielanite opaque minerals and occasionally 
Ba-rich feldspar) closely resembles the pyroxenites (bebedourites) of the Tapira 
complex, described in this thesis (see Chapter 11). Combined with the occurrence of 
phlogopite-picrites dykes (Gibson et al., 1995b), which are also abundant in Tapira and 
other carbonatite complexes of the APIP, and with the obvious provinciality/temporal 
association, this suggests a strong link between the kamafugitic rocks of the Mata da 
Corda and the APIP carbonatites. This point will be further investigated in detail in the 
subsequent Chapters of this thesis. 
Carbonatite complexes occur in several of the alkaline igneous provinces 
surrounding the Parana Basin and reviews of the Brazilian carbonatites can be found in 
Berbert (1984), Gomes et al. (1990) and Morbidelh al. (1995b). In the APIP, a 
number of relatively large (up to 65 km ), intrusive, carbonatite-bearing ultramafic 
complexes are found. These occurrences comprise the complexes of Catalao I and 
Catalao n in the southern Goias State, and Serra Negra, Salitre I , Salitre n, Araxa and 
Tapira in western Minas Gerais State. The complexes intrude Late-Proterozoic 
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metamorphic rocks of the internal and external domains of the Brasflia Mobile belt, 
which are conspicuously deformed into dome structures (Figures 1.9 and 1.10). 
The tropical weathering regime prevailing in the region, and the inward drainage 
patterns developed from the weathering-resistant quartzite margins of dome structures 
(e.g. Mariano and Marchetto, 1991; Danni et al, 1991) resulted in the development of 
an extremely thick soil cover in most of the complexes. Surface outcrops are very rare 
and the best samples for geochemical studies are restricted to drill cores. 
The Tapira complex is described in section 1.3.4. A brief description of the other 
carbonatite-bearing complexes in the APIP is given below. 
Cataldo I (IS^'OS 'S; 4r 48 'W) and Cataldo II (18''02 'S; 47^52 'W) 
The intrusions of Catalao I and n are the northernmost known carbonatite 
occurrences in the APIP. 
Catalao I , situated approximately 20 km to the NE of the city of Catalao is the 
largest (27 km ) and best known of the two complexes (e.g. Danni et al, 1991; Caspar 
and Araujo, 1995; Caspar et al, 1994; Araujo, 1996). This is a roughly circular-shaped 
(ca. 6.0 km in the N-S direction and 5.5 km in the E-W direction) multi-stage intrusion 
that domed the Late-Proterozoic schists and quartzites of the Araxa Group. The age of 
the Catalao I complex has been determined as 85 ± 6.9 Ma. (recalculation by Sonoki 
and Garda, 1988 of a K/Ar age by Hasui and Cordani, 1968). The rock-types occurring 
in the complex are mainly dunites, clinopyroxenites, carbonatites and metasomatic 
foscorites. Carbonatite occurs as a central massive sovite body, as well as widespread 
dykes and veins, whilst the ultramafic and metasomatic rocks dominate in the more 
external portions of the complex. Gibson et al (1995b) reported the occurrence of 
phlogopite-picrite dykes up to 5 m thick from drill cores of Catalao I . 
Brecciation and fenitisation of the county rock are conspicuous, resulting in the 
formation of orthoclase, aegirine and riebeckite in the fenitised quartzites. Danni et al 
(1991) described the occurrence of aegirine-bearing nepheline syenites in the southem 
and western borders of the complex, but pointed out that these rocks appear to grade to 
the fenites. A metasomatic origin for these syenites have also been previously suggested 
by Carvalho (1974) and Carvalho and Bressan (1981). Feldspathoids are not present in 
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the modal composition reported by Danni et al. (1991) for any of the other rock-types. 
The predominance of foseorites over the other rock-types testifies to the particularly 
intense hydrothermal processes that affected this complex. The occurrence of priderite, 
with compositions similar to those occurring in lamproites and kimberhtes, has been 
reported in association with the late stage alteration of the ultramafic rocks by 
interaction with the carbonatite magma (Caspar et al., 1994). 
Important deposits of phosphate, niobium, rare-earths, titanium and vermiculite 
are present in Catalao I (Carvalho and Bressan, 1981; Gierth and Baecker, 1986) and the 
complex is currently mined for apatite and pyrochlore. 
The complex of Catalao n is intrusive in the meta-sedimentary rocks of the 
Araxa Group, forming a small (18 km^) topographic high. The shape of the complex is 
irregular; elongated in the NE-SW direction and with sinuous east and west margins that 
reflect the existence of independent intrusions. Machado Junior (1992a) described the 
rock-types present in the Catalao U complex, as follows: a) pyroxenites are composed of 
augite, biotite, apatite, magnetite, zircon and accessory amphibole, K-feldspar, sphene 
and calcite. Felsic rock-types comprise quartz-and alkali feldspar-syenite, locally 
grading to more melanocratic varieties (up to 30% mafic minerals, mainly sodic 
pyroxenes, amphibole and mica); c) carbonatites include petrographic varieties of 
sovites, silicocarbonatites and beforsites; d) lamprophyre occurs as thin dykes with 
olivine phenocrysts set in a phlogopite-carbonate groundmass; d) foscorites are a 
product of metasomatic alteration of the ultramafic rocks. 
Interestingly, the syenites described by Machado Junior (1992a) seem to be 
either silica-saturated (alkali feldspar syenites lacking both quartz and nepheline) or 
silica-oversaturated (quartz syenites). This contrasts with syenites from Tapira and 
Salitre, studied during the present research (see section 1.3.4 below). His description of 
lamprophyres closely resemble the phlogopite-picrites that are common in other 
complexes. Machado Junior (1992b) obtained a Rb-Sr age of 83.4 ± 0.9 Ma for Catalao 
n. 
Serra Negra (IS^'SS'S; 46''50'W) 
The Serra Negra complex, located to the east of the city of Patrocmio, is the 
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largest of the carbonatite-bearing complexes of APIP. Amaral et al. (1967) obtained 
ages of 83.7 and 83.4 Ma in.biotite from peridotite. The intrusion was forcibly emplaced 
in the quartzites of the Canastra Group, generating the best example of intrusion-related 
doming among the APIP complexes (Figure 1.10). 
According to Mariano and Marchetto (1991), the complex is composed of a 
central core of sovite (estimated to be ca. 4.5 km in diameter), often containing apatite 
in excess of 20% and up to 5 % dolomite, with accessory phlogopite, magnetite, humite, 
rutile, pyrochlore, baddeleyite, pyrrhothite and pyrite. This central carbonatite is 
surrounded by a zone of pyroxenite (bebedourite) essentially composed of salite, 
phlogopite, magnetite, perovskite, apatite, calcite and minor ilmenite. Dunites and 
peridotites occur near the northern and northwestern margin of the complex. The 
bebedourite series is layered, and modal variations are common, with zones of 
concentration of apatite or magnetite-perovskite. These are interpreted as facies 
variations of the bebedourites by Mariano and Marchetto (1991), although they also 
point out that these ore bodies vary from concordant to dyke-like. Similar features were 
found during the present research in the Tapira complex (see below) and are interpreted 
here as indicative of the remobilisation of crystal-mush aggregates, during the 
emplacement of partially-crystallised cumulate sequences. 
Another striking feature of the Serra Negra dome is that the only contact effect 
observed is the silicification of the country rock. Mariano and Marchetto (1991) 
emphasise that, despite careful examination of the country rock, no fenites or even 
indications of alkali metasomatism are observed. Phlogopite-picrite dykes are reported 
by Gibson et al. (1995b), cutting the dunites of the northern margin of the complex. 
Salitre I and II (79^05 'S; 46''47'W) 
The complexes of Salitre I and Salitre n occur immediately to the south of the 
Serra Negra complex, and these three bodies are considered to form a system of 
coalescing intrusions (Mariano and Marchetto, 1991). Salitre I has a distorted oval 
shape, with approximate dimensions of 7 km in the N-S direction and 5 km in the E-W 
direction. Salitre n is a small (2.5 km ) plug located between the Salitre I and Serra 
Negra complexes. The topographic expression of the Salitre I and n complexes is 
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somewhat less distinctive than that of Serra Negra. K/Ar dating of biotite in bebedourite 
yielded an age of 86.3 ± 5.7 Ma. (recalculated by Sonoki and Garda, 1988, from Hasui 
and Cordani, 1968). The Serra do Salitre (Salitre Mountains) is the type area for 
bebedourite, as defined by Troger (1928, see also Chapter n in this thesis). 
The petrographic types present in the complex have been described by Mariano 
and Marchetto (1991) and Morbidelh et al. (1995a). Salitre I is composed dominantly of 
pyroxenites (bebedourites) and feldspathic rocks (tinguaite, trachyte, fenite). A small 
plug of apatite-rich carbonatite occurs in the northern portion of the complex. As 
observed for Serra Negra, substantial modal variations are present in the ultramafic 
rocks, including olivine-, perovskite- and apatite-rich facies, in addition to the typical 
bebedourites. Other mineral phases present in the bebedourites are phlogopite, opaque 
minerals, melanite and sphene. The carbonatite is a sovite with variable amounts of 
apatite and opaque minerals, plus accessory dolomite and phlogopite. Morbidelli et al. 
(1995a) also report the presence of accessory ohvine and zircon in the Salitre I 
carbonatite. Foscorites result from carbonatitic metasomatism of the ultramafic rocks. 
According to Mariano and Marchetto (1991) and Haggerty and Mariano (1983), a 
significant part of the feldspathic rocks occurring in the southern portion of Salitre I , 
previously interpreted as trachytes and phonolites, are in fact aegirine-nepheline-
sanidine rheomorphic fenites. They distinguish the truly magmatic syenitic rocks from 
the fenites on the basis of the absence of magnetite and presence of sodic plagioclase, 
dalyite (K2ZrSi60i5) and strontian loparite in the latter. 
Salitre n is composed mainly of ultramafic rock-types (dunites, perovskitites, 
clinopyroxenites, locally crosscut by carbonatites dykes and veins. 
Araxd-(19''38'S;46''56'W) 
The Araxa (also known as Barreiro) complex is a relatively small (diameter of 
4.5 km) intrusion, situated approximately 6 km south of the City of Araxa, in Minas 
Gerais State. Available K-Ar age determinations (Sonoki and Garda, 1988) vary from 
77 to 97 Ma. 
The complex penetrates schists and quartzites of the Araxa Group which, in the 
same fashion as the other APIP complexes, are deformed into a dome structure. The 
2 4 
C H A P T E R I - I N T R O D U C T I O N A N D G E O L O G I C A L S E T T I N G 
complex has a particularly wide fenitisation aureole that reached up to 2.5 km from the 
contact, and resulted in the formation of arfvedsonite, calcite, alkali feldspar, sodic 
pyroxene and apatite in the quartzites, especially along fractures (Issa Filho et al., 1984). 
As observed in Catalao I , the metasomatic rocks (foscorites, glimmerites) are 
volumetrically substantial in the Barreiro complex, but preserved remnants of the 
original ultramafic plutonic rocks are extremely scarce in the latter. One main 
carbonatite plug and a series of other small carbonatite intrusions occur in the 
carbonatite/foscorite core of the complex. A glimmerite zone occurs between this core 
and the fenitised country rock. 
Unlike other carbonatite complexes in the APIP, in Araxa the predominant 
carbonatite type is dolomitic (beforsite), and typical sovites occur only in the NW 
portion of the complex (Silva, 1986). The complex has great economic importance 
(Grossi Sad and Torres, 1976; Silva, 1986), since it hosts the world's largest known 
niobium (bariopyrochlore) reserve. In addition to Nb, the Barreiro complex is also 
currently mined for phosphate and contains ore-grade reserves of uranium and rare-
earths. Within APIP, the Araxa complex can be considered as an extreme example, with 
regard to the predominance of dolomitic carbonatites and to the intensity of the 
metasomatic alteration of the ultramafic rocks. 
1.3.4 - G E O L O G Y O F T H E TAPIRA COMPLEX 
The Tapira complex is the main subject of this research. It is the southernmost 
(19°53'S; 46°50'W) carbonatite-bearing complex in the APIP, located approximately 30 
km southeast of the city of Araxa, Minas Gerais State. K-Ar dating of mica yielded ages 
of 85.6 and 87.2 Ma. (recalculation by Sonoki and Garda, 1988, of unpublished 
determinations by C. B. Gomes). 
The complex is roughly elliptical, 35 km^ in area, and consists dominantly of 
alkaline pyroxenite (bebedourite), with subordinate carbonatite, serpentinite (dunite), 
glimmerite, syenite, melilitic rock (uncompahgrite) and ultramafic potassic dykes. 
Economic concentrations of titanium, phosphate, niobium, rare-earths and vermiculite 
are associated with the weathering cover. The complex is currently being mined for 
phosphate (Figure 1.9). 
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The country rocks are Proterozoic phyllites and quartzites of the Canastra Group, 
which have been deformed into a dome structure (Figures 1.9, I . l l , 1.12), as well as 
fenitised and thermally affected, during the intrusion of the complex. The thermal and 
metasomatic effects, however, appear to be restricted to the quartzites in the immediate 
vicinity (few hundreds of metres) of the contact with the intrusion. In the country rocks 
closest to the contact, the interaction with metasomatic fluids resulted in the formation 
of sodic pyroxene and several generations of feldspars (Chapter 11). The pyroxene 
disappears away from the contact but feldspathisation may persist (Figure 1.13). This 
quartz-feldspathic fenite is easily altered under tropical weathering and rarely crops out, 
making it difficult to estimate the real extent of the fenite aureole. Locally the quartzite 
may develop columnar jointing due to the thermal effect of the intrusion (Figure 1.14) 
As is the rule with APIP carbonatite complexes, outcrops of Tapira alkaline 
rocks are rare. Some exposures are occasionally revealed by the progress of the mining 
activities and, in rare occurrences, poorly preserved rocks crop out in streams. Fresh 
samples are virtually restricted to drill core material. 
A schematic representation of the rock distribution in the complex is presented 
in Figure 1.15. Because most of the information was obtained from short segments 
(generally a few metres) of fresh rock at the bottom of drill cores, the observation of the 
spatial relationships between the different units is severely limited. Therefore, Figure 
1.15 is not intended as a geological map of the complex, but as a sketch to support the 
discussion of various aspects that will be developed in the remainder of this thesis. All 
the limits in the sketch are approximate, and the areas shown represent the 
predominance of a given rock type as deduced from the drill cores, rather than implying 
laterally or vertically continuous "stratigraphic" units. 
Silicate Plutonic Series 
In this thesis the coarse-grained silicate rocks (dunites, wehrlites, bebedourites 
and syenites) are referred to collectively as the Silicate Plutonic Series (SPS). The 
ultramafic rocks consist dominantly of bebedourite, subdivided into the B l and B2 units 
(Figure 1.15) on the basis of their spatial distribution and petrographic/compositional 
characteristics (see Chapter 11). Because of their restricted occurrence dunites, wehrlites 
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Figure 1. 11 - Sub-horizontal attitude of 
quartzites of the Canastra Group, away 
from the Tapira Complex. 
Figure 1.12 - Quartzites of the Canastra 
Group in the vicinity of the Tapira 
Complex. Note the sub-\>ertical character 
of the foliation, as a result of the 
deformation caused by the intrusion. 
Figure 1.13 - Fenitised quartzite of the 
Canastra Group. Note the lighter-
coloured, subhedral porphyroblasts of 
feldspar weathering out. 
Figure 1.14 - Block of quartzite of the 
Canastra Group showing columnar 
jointing caused by the thermal effect of the 
intrusion. 
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and modal variations in the proportions of perovskite, magnetite and/or apatite are not 
distinguished from the associated B l and B2 bebedourites in Figure 1.15. 
C-4 
Figure 1.15 - Geological sketch of the Tapira complex. Units represented are 
Bebedourites (Bl, B2), Carbonatites (CI to C5), Syenite and Syenite-carbonatite 
breccia (S). Drill core information in the southern portion of the complex is scarce. No 
drill-core information available in the white areas. (*) C5 rocks also occur as 
scattered dykes and veins throughout the complex. 
Ultramafic rocks - Alkaline pyroxenites (bebedourites) comprise most of the ultramafic 
rocks. They vary from fine to coarse grained (locally pegmatitic), and consist mainly of 
diopsidic pyroxene with variable amounts of phlogopite, perovskite, apatite, magnetite, 
melanite and sphene. Strongly oriented fabric is relatively common (Figure 1.16). As 
observed in other carbonatite complexes of the APIP, modal variations in the essential 
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Figure 1.16 - Block of bebedourite in the 
Tapira mine area. The pencil shows the 
direction of the strongly oriented fabric, 
suggesting movement of a partially 
crystallised crystal mush. 
Figure I. 17 - Magmatic layering in 
bebedourite. Outcrop in the Tapira mining 
area. Note the alternating phlogopite-rich 
and the relatively coarser grainsize of the 
phlogopite-rich rock. The recurrence of 
these phlogopite-rich layers indicates that 
the system was periodically enriched in 
volatiles. Their coarser grainsize is 
consistent with crystallisation in a more 
volatile-rich environment. 
Figure I. 18 - Segment of drill core 
showing a syenite-carbonatite breccia. 
The carbonatite intrudes the syenite, 
percolating along the fractures and 
causing the appearance of thin reaction 
rims (black) of phlogopite. 
Figure I. 19 - Syenite intrusion, in the 
Tapira mine area. The rock is completely 
altered, but the contours of the intrusion 
(lighter patch in the bottom-centre of the 
mine wall) are still visible. 
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mineral phases can produce facies rich in olivine (dunites, wehrlites), perovskite-
magnetite or apatite. Whilst this is primarily the result of magmatic layering (Figure 
1.17), some of the apatite- or perovskite-magnetite-rich rocks may occur as discordant 
bodies cutting the igneous layering or even penetrating the country rock. Such features 
suggest the remobilisation of pockets of partially consolidated crystal-mush and, in 
conjunction with the scarcity of fenitisation effects, may indicate that the intrusion was 
partially consolidated during emplacement. Plutonic melilitic rocks (uncompahgrites) 
have been described from the northeastern border of the complex (Guimaraes et al., 
1980). These are very coarse grained (crystals up to 3.5 cm) and consist mainly of 
melilite-group minerals (60%) with subordinate phlogopite, apatite, titanomagnetite, 
diopside, perovskite, and wollastonite. 
The ultramafic rocks are intruded by syenites, carbonatites, and ultramafic 
dykes. Where intruded by carbonatites, the pyroxenites and dunites have been locally 
converted to metasomatic phlogopitites. These are the equivalent of the metasomatic 
foscorites and glimmerites described in the literature for other complexes of the APIP 
(see previous sections in this Chapter). 
Syenites -These occur as fragments in carbonatite-syenite breccias (Figure 1.18), but 
also as independent intrusions (Figure I . 19) They are essentially composed of K-
feldspar plus phlogopite and/or aegirinic pyroxene, with accessory zircon and sphene. 
The petrographic (Chapter 11) and chemical (Chapter IV) characteristics of these rocks 
indicate an ultrapotassic affinity, consistent with the ultrapotassic character of other 
rock-types in Tapira and in the Alto Paranaiba Province. 
Carbonatites 
A number of carbonatite bodies intrude the SPS. rocks. The carbonatites were 
sub-divided into five units (CI to C5), according to their location and petrographic or 
compositional characteristics (Figure 1.15). The intrusions vary from massive 
carbonatite plugs through dykes to small veinlets. The silicate rocks intruded by 
carbonatite are often brecciated (Figure 1.18, Figure 1.20) and metasomatised to a 
variable extent. 
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The intrusion of carbonatites into ultramafic rocks often results in the 
development of a magnetite-phlogopite-dolomite fenite. The best examples of this 
"reaction rock" are found in drill cores from the contact of CI carbonatite with the 
bebedourites and wehrlites of the B l unit (Figure 1.15). 
Brecciation of SPS rocks by the intrusive carbonatite is also a common feature. 
In the northwest portion of the complex, C2 carbonatites intrude both the B l 
bebedourites and the syenites. In the area marked "S" in Figure 1.15, carbonatites 
percolate fractures in the syenitic rock to form monomitic breccias (Figure 1.18), 
indicating intrusion by a magmatic stoping process. The detached angular fragments of 
syenite are usually surrounded by phlogopite-rich reaction rims. In the Tapira mine area, 
a more explosive style of carbonatite intrusion resulted in the local development of 
diatreme-facies polymitic breccias, containing angular blocks of several petrographic 
varieties of SPS rocks, in addition to less frequent xenolithic fragments of county rock. 
The blocks are variable in size and may exceptionally reach up to metric dimension. The 
matrix of these breccias may contain lapilli-sized fragments of the same rocks, but is 
mainly composed of fractured crystals in a carbonate-rich groundmass. The matrix 
varies locally to carbonatite (e.g. Figure 1.20), suggesting that the breccias may have 
been periodically invaded by new carbonatitic material. 
Three compositional types of carbonatite have been recognised in the complex: 
(1) Sovites (CI, C3, C4) are typically medium to fine grained and essentially composed 
of calcite and phlogopite, with accessory amounts of clinopyroxene, amphibole, opaque 
minerals, apatite, pyrochlore, magnetite and pyrite. Veinlets of pyrite-phlogopite and 
dolomite-ankerite commonly cut the sovite. 
(2) Dolomite sovites (CI, C2) occur as massive bodies and dykes cutting pyroxenites, 
earlier sovites and syenites. Rocks of the C2 unit show a close spatial association with 
syenites, in the northwest portion of the complex, but also occur as dykes and breccias 
elsewhere. The dominant rock-type is medium to fine grained, occasionally developing 
a porphyritic texture given by 2 to 3 mm calcite phenocrysts in a calcite-dolomite 
groundmass. Both the phenocrysts and the groundmass often display flow structure. 
Common accessory phases are phlogopite, pyrochlore and rare barite. 
(3) Beforsites (C5) occur as scattered late-stage dykes and veinlets. These rocks are fine 
grained, commonly banded and sometimes show flow textures. Common accessories 
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Figure 1.20 - Outcrop in the Tapira 
mine area. Polymitic breccia formed 
mainly angularfragments of SPS rocks 
in a carbonatite matrix. 
Figure 1.21 - Altered ultramafic 
dyke of the Tapira complex intruding 
schist of the Canastra Group. Note 
the centimetre-thick chilled margin 
of greenish-yellow colour, 
contrasting with the red-coloured 
internalportion of the dyke. 
Figure 1.22 - Fresh phlogopite 
picrite dyke intruding granitic rock, 
^^near the city of Araxd. Note the 
'^^^chilled margins (darker colour) on 
^both sides. This extremely well 
ppreser\>ed dyke was sheltered from 
weathering by the more resistant 
^Skcountry rock (photograph by H.J. 
C H A P T E R I - I N T R O D U C T I O N A N D G E O L O G I C A L S E T T I N G 
comprise phlogopite, magnetite/ilmenite, apatite and pyrite. On the basis of drill core 
information, the C5 area in Figure 1.15 may represent larger or more abundant dykes, 
but it should be stressed that C5 rocks occur in several other locations in the complex. 
Ultramafic dykes 
The plutonic rocks of the Tapira complex are crosscut by numerous thin 
ultramafic dykes. The dykes are usually a few centimetres or tens of centimetres thick, 
rarely reaching more than one metre. These rocks have been divided, on the basis of 
their chemical and mineralogical composition, into phlogopite-picrites and low-Cr 
dykes (see Chapters n and IV). Phlogopite-picrites consist of olivine phenocrysts set in 
a carbonate- and phlogopite-rich grouridmass and often show evidence of flow-
differentiation, with the olivine phenocrysts concentrated towards the centre of the dyke. 
Low-Cr dykes are very fine grained, with rare phenocrysts of phlogopite, clinopyroxene 
and/or apatite. Although both types of dykes are mostly restricted to the interior of the 
complex, they occasionally occur in the country rock, both in the vicinity and away from 
the complex. In this case the dykes are often completely altered (Figure 21) or, in 
extremely rare examples, fresh (Figure 22). Chilled margins (Figure 21, Figure 22) are a 
commonly observed feature in ultramafic dykes occurring outside the complex. ' 
1.4 - SUMMARY 
• Three main geotectonic domains can be recognised in central and southeastern 
Brazil: a) Archaean cratons; b) Proterozoic mobile belts; c) Phanerozoic 
sedimentary and volcanic cover. In the study area, these comprise, respectively,^the 
Sao Francisco Craton, the Brasilia mobile belt and the Parana and Sanfranciscana 
Basins. 
• Two major episodes of magmatic activity occurred during the Cretaceous. The Early 
Cretaceous magmatism comprise a) the Parana continental flood basalts (CFB); and 
b) alkaline igneous provinces emplaced at the margins of the Parana Basin. A 
second episode of intense magmatic activity, during the Late Cretaceous, produced 
the ultrapotassic rocks of the Alto Paranaiba Igneous Province (APIP), along with 
other alkaline igneous provinces, at the northern margins of the Parana Basin. 
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The APIP magmas were emplaced in metamorphic rocks of the Brasilia belt, near 
the southwest margin of the Sao Francisco Craton. The alkaline rocks comprise 
kamafugites, lamproites, kimberlites and the carbonatite complexes of Araxa, 
Tapira, Serra Negra, Salitre (I and II) and Catalao (I and 11). 
The Tapira complex is a composite intrusion, containing ultramafic plutonic rocks, 
with less abundant syenites, carbonatites and ultrapotassic ultramafic dykes. 
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I L l - INTRODUCTION 
This Chapter is concerned with the petrographic description of the studied 
silicate rocks and carbonatites, with emphasis on the rock suites from the Tapira 
complex. The information contained in it is primarily derived from samples collected by 
the author from drill cores and outcrops in the Tapira and Salitre complexes. However, 
in order to investigate possible correlations within the APIP, I was granted access to the 
personal collections of Prof. R. N. Thompson, Dr. S. A. Gibson, Prof, J. C. Caspar, H. J. 
Seer, L. C. Moraes and I . G. Guimaraes, for which I am deeply grateful. The 
complementary information obtained from the study of these additional samples was 
invaluable in the interpretation of some of the petrographic features described below. 
As a first approach to the description of Tapira rock-types, the most obvious 
distinction is between rocks composed predominantly of silicate minerals (the Silicate 
Plutonic Series - SPS) and those composed essentially of carbonate (carbonatites). Fine-
grained ultramafic dykes and rocks of apparently metasomatic origin are considered as 
separate units throughout this thesis, and described independently. As set out in Chapter 
I , the rocks of the Tapira complex may be arranged into different "lithostratigraphic" 
units on the basis of their location, composition and, less often, of the mutual 
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relationships observed in drill cores. Accordingly, the SPS is subdivided into the B l and 
B2 units and syenites; the carbonatites are subdivided into five groups (CI to C5 units) 
and the dyke rocks are subdivided into phlogopite-picrites and low-Cr dykes. 
11.2 - C R I T E R I A FOR R O C K CLASSIFICATION AND NOMENCLATURE 
Because of their peculiar mineralogy, many of the Tapira rocks are difficult to fit 
into the commonly accepted criteria for the classification of magmatic rocks (e.g. Le 
Maitre et al, 1989). One major reason for this is that many minerals which are not 
commonly considered in classification schemes (e.g. apatite, perovskite, phlogopite, 
magnetite, garnet) may be essential components of Tapira rocks. In particular, the 
ultramafic portion of the SPS and the dyke rocks pose severe difficulties to the 
application of established rock-classification systems. 
The classification criteria used in this thesis will be discussed in the following 
paragraphs. It must be stressed that this Chapter is concerned with the petrographic 
. classification alone. A chemical classification of Tapira rocks will be discussed in 
Chapter FV. 
Classification of SPS rocks 
The ultramafic portion of the SPS consists predominantly of cumulates (see 
below) with variable modal proportions of the essential minerals olivine, clinopyroxene, 
phlogopite, apatite, perovskite, chromite and magnetite. The classification of these rocks 
in a simphfied framework (i.e. taking into account only the proportions of olivine and 
clinopyroxene) results in a progression from dunite through wehrlite to clinopyroxenite. 
However, in many samples the sum of modal apatite, perovskite and phlogopite exceeds 
that of olivine and clinopyroxene. In these cases, such classification is clearly 
inadequate to describe the composition, facies variations and the strongly alkahne 
character of Tapira rocks. 
A slightly more accurate approximation would be achieved by adding the prefix 
alkali (e.g. alkali pyroxenite), as suggested by Le Maitre et al. (1989). However, their 
recommended criteria for the application of this prefix are: 1) the occurrence of modal 
feldspathoids and/or alkali pyroxene/amphibole; or 2) the presence of normative 
feldspathoids or acmite. With extremely rare exceptions, the ultramafic plutonic rocks 
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of Tapira (and of other carbonatite complexes in the APIP) do not contain feldspathoids, 
and their clinopyroxene is diopsidic in composition, hence failing the first criterion. The 
use of normative composition to classify rocks in a sequence of cumulates with 
significant facies variations is, at best, adventurous. Therefore, the second criterion is 
rendered equally inapplicable. Moreover, the use of the name alkali-pyroxenite could 
induce confusion with jacupirangite, a particular variety of alkali-pyroxenite that is 
intimately associated with carbonatite complexes, but which differs from Tapira 
pyroxenites in that the latter usually do not contain nepheline. The same applies to the 
ijolitic series (melteigite, ijohte, urtite; distinguished on the basis of varying proportions 
of clinopyroxene and nepheline). These rocks, redefined by Le Maitre et al. (1989) as 
varieties of foidolite, are also commonly associated with carbonatite complexes. Again, 
the ijolite series is fundamentally distinct from Tapira rocks, as nepheline is an essential 
mineral in the former. 
Troger (1928, quoted in Troger, 1935) defined "bebedourite" as a biotite- and 
perovskite- rich clinopyroxenite, typically containing 54% aegirinic diopside, 21% 
biotite, 14% perovskite, 10% opaque minerals and accessory apatite, K-feldspar and 
olivine. The type locality for this rock is the Bebedouro area, in the Salitre Mountains, 
Minas Gerais State (i.e. the Sahtre Carbonatite Complex, in the Alto Paranaiba Igneous 
Province). This definition is a close enough match for most of the pyroxene-rich 
ultramafic plutonic rocks of Tapira. Furthermore, this rock-type is conspicuous in all 
carbonatite complexes of APIP, although in Catalao and Araxa significant amounts of 
bebedourite have been converted to phlogopite-rich metasomatic rocks ("glimmerites") 
by interaction with carbonatite magma or fluids. The term bebedourite has been 
frequently applied in the recent literature, in connection with carbonatite complexes of 
the Alto Paranaiba region (e.g. Gomes et al, 1990; Lloyd and Bailey, 1991; Gibson et 
al., 1995; Brigatti et al., 1996). Finally, the use of this rock name is most successful in 
emphasising the differences between the ultramafic rocks associated with the APIP 
complexes and those associated with many carbonatite complexes elsewhere. Therefore, 
whilst appreciating that regional rock names should ideally be avoided when classifying 
igneous rocks, the designation bebedourite is preferred here as the best available match 
for the Tapira "pyroxenites" and their facies variations. The remainder of the plutonic 
rocks (dunites, wehrlites, and syenites) are named according to the guidelines of Le 
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Maitreetal. (1989). 
Most of the ultramafic rocks in Tapira are described in the following sections as 
cumulates. Since the definition and nomenclature of cumulate rocks was proposed by 
Wager et al. (1960) it has been widely used in the Hterature. However, the applicability 
of the concept has also been challenged in a number of studies. The main problems with 
the use of the cumulate nomenclature are summarised by McBimey and Hunter (1995). 
During this research, the unavailability of long, continuous stratigraphic sections of the 
ultramafic rocks impeded the application of geochemical tests of the cumulate 
hypothesis (e.g. McBimey and Hunter, 1995; Meurer and Bordreau, 1998a) to the 
Tapira Complex. On the other hand, many of the ultramafic rocks of the SPS do not 
appear to be the product of crystallisation of a whole liquid in a closed system, and 
would therefore conform to the definition of cumulates, in a broad sense. This is 
supported by the following textural, compositional and chemical evidence: 
• Substantial variation in the modal proportions of the essential constituents; this 
produces facies variations where the rocks are virtually monomineralic (e.g. rocks 
containing only apatite) or have a mineralogical composition that is inconsistent 
with any known natural liquid (e.g. rocks composed essentially by perovskite + 
apatite or by perovskite + magnetite. 
• The presence of oikocrysts, where the intercumulus phases are compatible with the 
expected crystallisation sequence of sihcate minerals (e.g. poikilitic pyroxene 
including olivine; poikilitic phlogopite including pyroxene or olivine + pyroxene). 
• The occurrence, although rare, of dykes composed essentially of well-crystallised, 
equant grains of apatite (with very minor amounts of phlogopite), intruded in the 
quartzitic country rock. These are likely to represent the escape of a semi-
consolidated, monomineralic mush of cumulus crystals, rather than an "apatite 
liquid". It should be stressed that, in contrast with other well known silicate 
magmatic system (e.g. layered intrusions of basaltic affinity), the crystallisation of 
apatite occurs at an very early stage in the evolution of the Tapira complex, as 
demonstrated later in this Chapter. 
• The presence of modal banding, frequently observed in drill cores and in thin 
sections, as well as in more rare outcrops exposed in the mining area (see, for 
example. Figure 1.17, in Chapter I). 
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• The regular recurrence of phlogopite-rich layers alternating with phlogopite-free 
layers (Figure 1.17). This indicates that the system was periodically enriched in 
volatiles, probably as a result of the removal of anhydrous cumulus assemblages. 
The volatile-rich nature of the magma is further demonstrated by the occasional 
occurrence of interstitial carbonate in evolved bebedourites (see below) and the 
common presence of pegmatoids. 
• With the exception of phlogopite, all the other modally significant phases in 
wehrlites and bebedourites have a density comparable to, or exceeding that of, 
forsteritic olivine (e.g. clinopyroxene, apatite, peroVskite, melanite, titanomagnetite, 
chromite). Such high-density phases are unlikely to be kept in suspension, especially 
if the liquid from which they crystallise is assumed to have high contents of volatiles 
and, consequently, low viscosity. 
• The whole-rock compositions of many of the ultramafic plutonic rocks, particularly 
the bebedourites and their facies variations, fall outside the geochemical trends of 
the fine-grained dyke rocks from Tapira (Chapter IV) 
Nevertheless, some of the ultraniafic rocks described in the following sections 
do occur as relatively fine-grained dykes (e.g. wehrlite dykes of the B2 unit, see below) 
or as homogeneous, medium to fine-grained rocks, with uniform modal compositions 
and lacking evidence of banding or typical cumulate textures (e.g. some evolved 
bebedourites). These particular rock-types could, of course, represent the in situ 
crystallisation of magmatic liquids, without prejudice to an overall interpretation of the 
ultramafic portion of the SPS as a sequence of cumulates, on a wider scale. 
Classification of dyke-rocks 
A suite of fine-grained ultramafic dykes occurs in Tapira, as well as in the other 
APIP carbonatite complexes. Such rocks have been traditionally described as 
lamprophyres, on the basis of the abundant olivine (and occasionally phlogopite) 
phenocrysts. On other occasions they have been mistaken for metasomatic glimmerites, 
because of the high modal percentages of phlogopite and carbonate. Gibson et al. (1995) 
stressed that these rocks do not fit the established nomenclature, and proposed the name 
phlogopite-picrite for them. Such rocks also fail to conform to the guideUnes issued 
shortly after by Woolley et al. (1996) for the classification of lamprophyres, lamproites, 
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kimberlites and rocks containing kalsilite, melilite and leucite. Therefore, the 
denomination proposed by Gibson et al. (1995) is adopted in this thesis; the name 
phlogopite-picrite is used for dyke rocks essentially composed of phenocrysts of olivine 
and subordinate phlogopite, set in a groundmass of phlogopite, opaque minerals, 
perovskite, apatite and carbonate. 
During this research, the access to well preserved drill cores allowed the 
sampling of more evolved members of the phlogopite-picrite suite. These rocks are 
composed of phlogopite, apatite and, occasionally, clinopyroxene and garnet 
phenocrysts, set in a carbonate- and phlogopite-rich fine-grained groundmass. They 
show significant chemical differences (see Chapter IV) from the more primitive 
phlogopite-picrites, especially with regard to the compatible elements, such as Cr and 
Ni. Again, it is difficult to fi t these rocks to any of the established nomenclature 
schemes. Apart from the high carbonate content, their mineralogy resembles that of the 
bebedourites, but this term will not be applied to the dykes, in order to avoid confusion 
with the cumulate rocks of the SPS. For the purposes of this thesis, they will be 
informally named low-Cr dykes. 
Similarly to the bebedourites, this suite of ultramafic dykes appears to be 
conspicuous in the Alto Paranaiba Igneous Province. They occur associated with all 
carbonatite complexes and, less frequently, as isolated dykes elsewhere in the province, 
with no obvious geographic connection with carbonatites. Their petrogenetic 
significance in the context of the APIP carbonatite complexes will be discussed in detail 
later in this thesis. 
Classification of carbonatites 
Woolley and Kempe (1989) recommended that the name carbonatite be 
restricted to igneous rocks containing over 50% of carbonate minerals and that the 
petrographic varieties should be named on the basis of the type of carbonate present. 
According to this system, Tapira carbonatitic rocks can be mostly classified as coarse-
grained calcite carbonatites (traditionally called sovites) and dolomite-bearing calcite 
carbonatites. Less frequently, dolomite may be the dominant or exclusive carbonate 
mineral of Tapira carbonatites, especially in late-stage dykes and veinlets. These rocks 
are commonly fine-grained and classify as dolomite carbonatites (also known as 
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beforsites). 
I L 3 - S I L I C A T E PLUTONIC S E R I E S ( S P S ) 
The siUcate plutonic rocks are subdivided into three main groups. The B l and 
B2 units are composed dominantly of bebedourite, with subordinate wehrlite, and facies 
variations towards apatite- and/or perovskite- rich cumulates. The two units are 
distinguished on the basis of their: (i) location in the complex; (ii) mutual relationships 
within the drill cores and (iii) textural and compositional (Figure U.l) differences 
Pv 
Bebedouri tes B 2 
A A A Bebedour i tes B1 
A • A 
+ Wehrl i tes 
A 
/ v v v v v • ' ^
 \ A 
Figure U.l - Composition of the ultramafic rocks of the SPS, in terms of modal percentages (Appendix 4) 
of apatite (Ap), perovskite (Pv) and clinopyroxene (Cpx) normalised to 100%. The dashed arrow 
represents the progressive changes in the order of crystallisation of these phases throughout the 
evolution of the complex (see text). 
observed in thin section. 
The B l unit is geographically situated between the B2 unit, in the north, and the 
central carbonatites of the Tapira complex (see Figure 1.15, in Chapter I). Wehrlites 
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appear to be significant only in B1. In fact, no olivine-rich cumulates were observed in 
B2 at the level sampled. However, relatively fine-grained wehrlites occur as dykes 
intruded in B l and may represent the olivine-rich counterpart to the B2 bebedourites. 
These wehrlite dykes are therefore assigned to B2, despite their occurrence outside the 
geographic domain of that unit. The third unit comprises syenites intrusive in the B l 
bebedourites and wehrlites. Al l three units of the SPS are locally intruded by 
carbonatite. 
II.3.1. B l UNIT 
Wehrlites and other olivine-bearing cumulates 
A relatively small percentage of the samples collected from B l contain olivine. 
Some of these are wehrlites, but variations towards olivine-bearing apatite- and/or 
perovskite-rich cumulates are also common. Although dunites are locally present, all the 
examples examined were too altered (serpentinised) to allow petrographic or chemical 
studies. Therefore, the following account will be concerned only with the wehrlites and 
their modal variations to perovskite- and apatite-rich cumulates. 
Because preserved rocks can only be found in small sections at the bottom of the 
drillings, it is difficult to assess vertical variations in the complex. Some of the olivine-
bearing rocks are located at greater depths (relative to the absolute altitude at the top of 
the drillings) than the bebedourites, suggesting that the former could represent deeper 
cumulate horizons in the complex. However, this is not necessarily the case for all 
olivine-bearing rocks in B1. 
Most of the examined samples lack preferred mineral orientation but igneous 
layering is evident in some cases. This is particularly so in the apatite- and perovskite-
rich rocks, which may display small-scale banding defined by centimetre-thick layers of 
olivine -f- apatite, alternating with slightly thinner bands of apatite -i- perovskite -i-
opaques (Figure n.2). The textural relationships between the essential minerals in most 
rocks suggest crystallisation in the sequence: 
olivine (+chromite?) => apatite perovskite => clinopyroxene =^ phlogopite+opaques 
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Pyroxene (Figure II.3) and phlogopite (Figure n.4) are common intercumulus 
minerals. Apatite is a cumulus phase throughout the crystallisation sequence. Melanite, 
carbonate, tetraferriphlogopite (Figure n.5) and oxides may be present in late-stage 
veinlets or as a secondary replacement of the cumulate phases. 
Olivine forms coarse-grained, subhedral to anhedral cumulate crystals. It may 
show variable degrees of serpentinisation and commonly contains abundant micro-
inclusions of opaque minerals. Olivine crystals are locally coated by aggregates of small 
grains of perovskite and opaque minerals (Figure n.6) or by lamellae of phlogopite. 
Inclusions of primary phases in olivine are rare or absent, indicating its early-stage 
formation. Exceptions are the apatite- and perovskite-rich cumulates, where these two 
minerals are sometimes included in olivine. Some olivine crystals may be slightly 
deformed, indicating limited transport of the semi-consolidated rock. 
The textural properties of pyroxene are dependent on the stage of evolution of 
the rock. In olivine-rich cumulates the pyroxene is typically an intercumulus phase, 
locally forming large oikocrysts (e.g. Figure n.3) that poikilitically include olivine, 
apatite and perovskite. However, as the amount of olivine decreases, clinopyroxene 
becomes a typical cumulus phase, accompanying perovskite and apatite. 
The onset of apatite crystallisation occurs very early in Tapira ultramafic 
cumulates, possibly contemporaneously or slightly after ohvine. Apatite persists as a 
typical cumulus phase until late in the crystallisation of the complex. It forms equant, 
often euhedral crystals or, alternatively, euhedral to rounded inclusions in all other 
mineral phases (but rarely in olivine). 
In olivine-rich cumulates, perovskite is subhedral and poikilitic, suggesting a 
relatively late-stage crystallisation (certainly after the onset of olivine and apatite). As 
the amount of olivine decreases, perovskite becomes preferentially euhedral and 
contains only minor amounts of inclusions, indicating a cumulus origin. The existence 
of perovskite- and apatite-rich horizons within the wehrlites, where none of these 
minerals contains inclusions of silicate phases, testifies to the extreme silica-
undersaturation of the liquids that generated the Tapira cumulates. It suggests that, at 
some stages during the crystallisation history of the complex, only very small amounts 
of sihcate minerals were being formed (despite the Uquid probably being within the 
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Figure II. 2 - Magmatic banding in perovskite-rich wehrlite. The euhedral perovskite is concentrated in thin 
layers, together with apatite and opaques, alternating with thicker bands where olivine (and subordinate 
clinopyroxene) dominates. Sample atO 15, plane-polarised Ught. Field of view = 12x 7.2 mm. 
Figure 11.3 - Clinopyroxene oikocryst (large, light-coloured, optically continuous grain in the centre) in 
wehrlite. Sample at217, cross-polarised light. Field of view = 12x 7.2 mm. 
Figure II.4-Intercumulus phlogopite, interstitial to rounded crystals ofolivine and rare diopside, in wehrlite. 
Sample at025, plane-polarised light. Fieldofview ^ 6x3.7 mm. 
Figure 11.5 - Replacement ofphlogopite by tetraferriphlogopite along the margins of a carbonate vein let 
Note the deep red colour and the inversion in the direction of highest absorption in the tetraferriphlogopite. 
Sample at 101b, plane-polarised light. Fieldofview = 1.3x0.77 mm. 
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temperature range of ohvine and pyroxene crystallisation). This could result, for 
instance, from periodical fluctuations in the activity of the relevant components (e.g. 
Si02, Ti02, P2O5). The removal of ohvine and pyroxene would drive an already strongly 
undersaturated liquid towards even lower Si02 levels, with corresponding relative 
increase in Ti02 and P2O5. Saturation of these components would promote extensive 
precipitation of perovskite and apatite, therefore driving the liquid back to relatively 
higher Si02 contents. 
Phlogopite is a typical intercumulus phase (e.g. Figure n.4) in the wehrlites and 
other olivine-bearing rocks of the B l unit. It forms interstitial poikilitic crystals, 
containing inclusions of all other phases in the rock. Phlogopite is commonly associated 
and contemporaneous with late-stage opaque minerals. Some phlogopite lamellae show 
evidence of deformation, suggesting that the rock has been affected by post-
crystallisation movements. The optical characteristics of phlogopite in the olivine-
bearing rocks (pleochroic from brown to orange, with a < p = y) suggest normal Al and 
Fe contents. However, in the vicinity of carbonate veinlets (e.g. Figure n.5), the margins 
of phlogopite crystals may develop reverse pleochroism (a > p = y) in shades of bright 
red and orange, indicative of replacement by tetraferriphlogopite (high Fe^ ,^ low Al). 
This variety of mica is clearly formed by metasomatic processes associated with the 
intrusion of carbonatites. 
Two varieties of opaque minerals are present in the wehrlites. In the more 
ohvine-rich samples they occur as small interstitial grains of chromite, usually 
associated with perovskite. In the more evolved cumulates the opaque minerals are 
titanomagnetite, and form at a later stage. 
Bebedourites 
This group comprises clinopyroxene-rich rocks containing essential perovskite, apatite, 
phlogopite and opaque minerals. Facies variations are recognised, defined by 
differences in the modal proportions of these minerals. Olivine and chromium-rich 
spinel are absent from bebedourites. Melanite {s.L), carbonate and rare zirconolite may 
occur in accessory amounts. The spatial association of the bebedourites with the 
wehrlites in the B1 unit suggests that these two petrographic types are related to a single 
crystallisation trend, with the wehrhtes (and possibly dunites) representing the lower 
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levels of a layered sequence of ultramafic cumulates, and the B l bebedourites 
representing the more differentiated rocks. However, it should be noted that the olivine 
rocks are volumetrically subordinate, and this sequence may be incomplete. 
The texture of bebedourites from B1 is dominantly medium to coarse-grained. 
Pegmatite facies occur locally within this unit, with pyroxene and phlogopite crystals 
reaching up to several centimetres. 
Preferred mineral orientation is common, resulting in the development of a 
foliation in some of these rocks. This structure is well marked by elongated prisms of 
diopside and apatite (Figure n.7), as well as by phlogopite laths. The possible origins of 
igneous fohation have been recently discussed by McBimey and Nicolas (1997) and by 
Meurer and Bordreau (1998b). In volcanic and sub-volcanic rocks, and in granitic 
intrusions, igneous fohation is produced mainly by magmatic flow. In cumulates, 
foliation can develop as a result of: a) shearing produced by viscous flow during 
crystallisation; b) primary alignment of inequant crystals (during accumulation); c) 
compaction of the cumulate pile. Meurer and Bordreau (1998b) observed vertical 
variations in the intensity of crystal alignment within a section of the Stillwater complex 
(Montana) and interpreted these as the result of compaction, rather than shearing. 
McBimey and Nicolas (1997) found that in the Skaergaard layered intrusion the 
development of layering and foliation due to shearing (dynamic processes) is 
predominant along the margins of the intrusion, whereas in the interior and on the 
Upper Border Series of Skaergaard non-dynamic processes dominate. In Tapira it is not 
possible to assess vertical changes in the fabric of the ultramafic rocks, due to the thick 
weathering cover. However, the intensity of foliation seems to increase laterally 
outwards in the B1 unit. Further, some of the characteristics described by McBimey and 
Nicolas (1997) for layered rocks that have undergone simple shear (e.g. sharp layering, 
with strong modal variations; well-developed foliation and lineation) are present in 
some Tapira rocks. This suggests that the partially consolidated margins of the intmsion 
may have been subjected to some degree of shearing during or shortly after 
emplacement. 
Modal layering is often present in the B l bebedourites. Figure n.8 shows the 
contact between a phlogopite-rich and a perovskite/melanite (5./.)-rich layer. The 
relatively fine-grained aggregate of pyroxene, perovskite and melanite (^s.L), in the 
46 
CHAPTER I I - PETROGRAPHY 
centre of the photograph) could possibly represent an autolith, eroded from elsewhere in 
the magma chamber and deposited at the interface between the two layers. 
The order of crystallisation varies with evolution of the bebedourites. In the least 
evolved variants the crystalhsation follows the sequence: 
apatite =^ perovskite clinopyroxene phlogopite + opaques. 
In the more evolved rocks this changes to: 
clinopyroxene perovskite =^ apatite =^ opaques + phlogopite. 
Apatite forms small prismatic or rounded grains, occurring both as discrete 
crystals or as inclusions in all other minerals. Although apatite is present throughout the 
crystallisation history of the B l unit, its modal percentage decreases steadily at first, and 
it becomes an interstitial phase to diopside. In the most evolved bebedourites, a renewed 
increase in modal apatite is observed. 
Perovskite occurs as euhedral to subhedral crystals. Optically it is light brown in 
colour and usually displays a false anisotropy, induced by the conspicuous twinning. As 
observed for the wehrlites, perovskite may locally include euhedral apatite prisms 
(Figure 11.9). However, in many of the bebedourites this feature is absent and the 
euhedral contours of perovskite suggest that it is an early-formed cumulus phase, as 
opposed to its relatively late appearance in the wehrlites. 
Melanite (s.l.) may be present as rare discrete crystals or, more often, replacing 
the rims of perovskite crystals (Figure n.9). In the latter case the gamet has a deep 
brown-red colour, indicating high content of Ti. The discrete crystals are anhedral, less 
frequently subhedral, and have a lighter colour (orange/yellow), but may show both 
regular and irregular (patchy) zoning towards darker colours. 
Chnopyroxene in B l bebedourites is a pale-green diopside, showing very little 
or no pleochroism. It occurs as large prismatic crystals and locally contains abundant 
exsolution of opaque phases in stmcturally-controlled pattems. When zoning is optically 
visible .it is irregular, with a tendency for the rims to show paler shades of 
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Figure II.6 - Olivine surrounded by small crystals of perovskite (brown) and chromite (black). Note the 
interstitial character ofthe phlogopite. Sample at217, plane-polarised light Field ofview =3x1.9 mm. 
Figure II. 7 - Strong preferred mineral orientation in bebedourite Bl, given by the juxtaposition of 
clinopyroxene and apatite crystals. Note the prismatic inclusions of apatite in pyroxene. The fine -grained 
rock (top-left corner) is a wehrlite dyke ofunitB2. Sample at 126a, plane-polarised light Field ofview = 6x 
3.7 mm. 
Figure II.8-Autolith(?) of fine-grained aggregate (clinopyroxene+perovskite +melanite), deposited at the 
contact between coarse-grained perovskite+melanite-rich (right) and phlogopite-rich (left) layers of 
bebedourite. Sample at007, plane-polarisedlight Fieldofview =3x1.9 mm. 
Figure II.9-Perovskite (bottom) showing inclusions ofapatite and replacement by melanite, in bebedourite 
ofunitBl. Sample at003, plane-polarised light Fieldofview = 6x3.7 mm. 
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green than the cores. In some samples the large prismatic diopsides show preferred 
orientation. With the evolution of the bebedourites, diopside progresses from late-stage 
poikilitic crystals to early-stage cumulate phases. . 
Phlogopite forms large anhedral crystals, with normal pleochroism; it includes or 
partially surrounds grains of diopside, apatite, perpvskite, melanite (s.L), suggesting that 
phlogopite is one of the latest phases to crystallise. Locally the lamellae may be 
deformed and show undulose extinction. 
Opaques may crystallise at the same time as, or after, phlogopite. In the latter 
case they are typically interstitial and anhedral. 
Zirconolite was identified in the pegmatite facies of B l . It occurs as rare, minute, 
euhedral or subhedral crystals of high refraction index and deep brown-red colour 
(Figure n.lO). Together with perovskite, zirconolite is an indicator of strong silica-
undersaturation. Its occurrence in the pegmatitic facies also signals the relative 
enrichment of zirconium in the residual liquid. 
Melilite-bearing plutonic rocks 
A coarse-grained' pyroxene melihtohte (uncompahgrite) occurs near the 
northeast margin of the complex. This occurrence has been recognised by Guimaraes et 
al. (1980), who determined the composition of the mehlite as akermanitic. So far, this is 
the only known melilite-bearing rock from the Tapira complex. It is composed 
essentially of large (up to 3-4 cm) subhedral to anhedral crystals of melilite (Figure 
n . l l ) , with subordinate amounts of euhedral perovskite, subhedral diopside and apatite, 
and interstitial phlogopite and opaques. Perovskite is partially replaced by melanite 
(s.L). The melilite crystals are occasionally altered to a fine-grained mixture of calcite 
and wollastonite. The Tapira uncompahgrite is possibly a facies variation of the 
pegmatites of the B1 unit. 
II.3.2. B2 UNIT 
This unit occupies the northem margin of the Tapira complex. It is composed 
dominantly of bebedourites, usually containing higher amounts of clinopyroxene than 
those of B l . Olivine-bearing cumulates were not found in the studied drill cores. 
Nevertheless, a few dykes of wehrlite intruding the B l bebedourites are included in this 
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unit, on the basis of their mineralogical and petrographic similarities, with other B2 
rocks. 
Wehrlite dykes 
These rocks are medium to fine grained and composed essentially of olivine, 
clinopyroxene, melanite (s.L), phlogopite, apatite and opaque minerals. A fundamental 
difference from the wehrlites in the B l unit is that these dykes contain only minor 
amounts of perovskite, but have abundant primary gamet. The crystallisation order 
suggested by the textural relationships between the essential phases is: 
apatite ^ olivine ^ clinopyroxene => gamet + phlogopite + opaques. 
Olivine typically contains numerous euhedral inclusions of apatite (Figure 11.12), 
consistent with the crystallisation of apatite at a very early stage in these rocks. This 
relationship contrasts with that observed in B l , where olivine precedes or is 
contemporaneous with apatite. Olivine crystals are variably altered to serpentine and 
oxidised material (Figure 1.13) 
Melanite (s.l.) occurs both as partial replacement of perovskite and as abundant 
primary crystals. These are euhedral and show optical zoning, with dark-brown cores 
and lighter brown rims. Figure n.13 illustrates a zoned gamet, where the rim is poikilitic 
and the core is virtually inclusion-free. This variety of gamet is interpreted as primary, 
formed from a liquid with higher silica content than the one that generated the wehrlites 
and bebedourites in B l . The paucity of perovskite in these rocks, despite the substantial 
availability of Ca and Ti (as shown by the occurrence of Ti-rich gamet), is in good 
agreement with a generally higher silica activity in the liquid. 
Bebedourites 
The bebedourites of the B2 unit are usually finer-grained and have higher 
pyroxene content than those of B1. Densely packed accumulations of diopside crystals 
with intercumulus phlogopite are common (Figure n.14). Apatite, perovskite, melanite 
(s.l.) and sphene are usually present in subordinate amounts. 
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Figure 11.10 - Small zirconolite crystal in pegmatitic bebedourite. Sample at035, plane-polarised light 
Field ofview = 0.12x 0.08 mm. 
Figure 11. II -Melilite crystals in uncompahgrite, showing the typical uneven bluish birefringence. Note the 
included diopside (bright pink) and the altered patches composed of a fme-grained mixture of wollastonite 
and carbonate. Sample U-1, cross-polarised light. Fieldofview = 12 x 7.2mm. 
Figure II. 12 -Large crystals of olivine in wehrlite dyke. The olivine shows abundant inclusions of prismatic 
apatite. Subhedral crystals of clinopyroxene (left) surround the olivine, defining a flow texture in the dyke. 
Sample atl 26b, cross-polarised light Fieldofview = 3x1.9 mm. 
Figure 11.13 -Euhedral melanite in wehrlite dyke. Note the difference in colour and amount of inclusions 
between core and rim. The bottom side of the photograph is a serpentinised olivine, containing inclusions of 
prismatic apatite. Sample at 126b, plane-polarisedlight Fieldofview =^ 1.3x0.77 mm. 
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The crystallisation sequence varies with the evolution of the bebedourites. At the 
very early stages the order appears to be: 
apatite + perovskite =^ clinopyroxene =^ phlogopite => garnet ^ sphene. 
This is later replaced by: 
clinopyroxene =^ (± perovskite) =^ apatite phlogopite =^ garnet => sphene =^ (± feldspar) 
which is the dominant sequence in B2 bebedourites. Perovskite disappears and possible 
feldspar (see below) appears in the latest stages. Apatite may be a recurrent early phase 
in the most evolved bebedourites. As observed for B l , the bebedourites may show a 
strong mineral orientation, defined by juxtaposed prismatic crystals of diopside and 
apatite, as well as phlogopite lamellae (Figure 11.15), but this feature is less common in 
B2: 
Clinopyroxene is diopsidic in composition. The colour absorption is generally, 
but not always, stronger than in B l diopsides. This results in deeper green colours that 
suggest a higher hedenbergite component. The grains vary from subhedral to euhedral, 
and may be either equant or prismatic. Zoning may be irregular (patchy) or concentric. 
In some samples the pyroxene is zoned towards paler rims (e.g. Figure 11.14) whereas in 
others the opposite variation is observed (e.g. Figure n.15). 
Perovskite is an early-crystallised phase in B2 rocks, but the mineral is 
invariably unstable, coated by one or more of opaques, melanite (s.l.) or sphene, in this 
order (Figure n.16). Interestingly, perovskite inclusions in pyroxene do not show any 
signs of replacement by sihcates, suggesting that the earliest crystallised perovskite was 
in equilibrium with the liquid. The modal amount of perovskite decreases with the 
evolution of the bebedourites, and the mineral is often absent in the more evolved 
members of the sequence. 
Phlogopite varies from interstitial lamellae (Figure n.14) to subhedral laths, in 
the more evolved rocks. The pleochroism is normal, although in somewhat stronger 
shades of orange or red than in B l . In rocks crosscut by carbonate veinlets, phlogopite 
lamellae are partially replaced by tetraferriphlogopite 
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Melanite (s.l.) occurs both replacing perovskite and as discrete primary crystals. 
The latter are euhedral to subhedral, zoned towards paler shades of brown. 
Sphene occurs as a late-stage replacement of perovskite, often forming an 
external coating, after the perovskite had been partially converted to opaque minerals or 
garnet. Another variety of sphene occurs as euhedral to subhedral crystals, which are not 
spatially associated with perovskite and may have crystallised directly from the 
bebedourite liquid. 
Carbonate veinlets crosscutting the B2 bebedourites are common. Some 
carbonate may migrate from the veinlets into the host pyroxenite, forming patches of 
interstitial carbonate. However, in some samples these patches do not show an obvious 
association with carbonate veinlets, in which case they may represent primary 
carbonate, formed from the crystallisation residue. 
Some evolved bebedourites in the B2 unit, particularly those lacking perovskite, 
contain interstitial patches of fine-grained sericite with subordinate carbonates. These 
patches probably result from the alteration of accessory felsic minerals in the 
bebedourite, such as feldspars or feldspathoids. In most examples the original mineral 
cannot be accurately identified under the petrographic microscope, although alkali 
feldspar seems to be present in patches where alteration was incomplete (Figure H.IV). 
Reconnaissance X-Ray Diffractometry (XRD) studies confirmed the presence of alkali 
feldspar in three of these rocks, one of which appears to contain the association 
orthoclase + nephehne (pseudoleucite?). 
The interpretation of the felsic patches is not straightforward. They could either 
represent feldspars or feldspathoids crystallised from the residual magmatic liquid or, 
alternatively, derive from metasomatically introduced material. The occurrence of rare 
inclusions of feldspathic material within euhedral clinopyroxene supports the first 
alternative. Figure n.18 shows one such inclusion, composed of a finely-grained 
aggregate of feldspar with accessory mica. In contrast with the altered patches described 
above, the feldspar in this inclusion seems to be well preserved, having apparently been 
sheltered from post-magmatic processes by the host pyroxene. The globular shape of the 
inclusion is suggestive of the entrapment of a droplet of syenitic liquid in the 
crystallising pyroxene. This feature is interpreted here as a primary texture, and provides 




Figure 11,14- Densely packed diopside crystals with intercumulus phlogopite. Bebedourite ofthe unit B2. In 
some pyroxene grains it is possible to obser\>e zoning towards lighter-coloured rims, although the zoning 
pattern is mostly irregular Sample atOOS, plane-polarised light. Field of view = 3x1.9 mm. 
Figure 11.15 - Strongly oriented fabric in coarse-grained bebedourite B2, given by the Juxtaposition of 
prismatic diopside and apatite crystals. Sample at030, plane-polarised light. Fieldofview = 12x 7.2mm. 
Figure 11.16 - Unstable perovskite crystal (dark brown, in the centre), with replacement rims of opaque 
minerals and sphene. Phlogopite in this sample is partly secondary, replacing pyroxene (bottom). Sample 
at029, plane-polarised light. Fieldofview = 3 x 1.9 mm. 
Figure 11.17- Interstitial patch offeldspar in bebedourite B2. The original feldspar is partially altered to a 
mixture ofsericite and carbonate. Sample at032, cross-polarised light. Field ofview = 6x3.7 mm. 
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differentiation processes. The altered patches are Ukely to represent the same 
phenomenon, but have been obHterated by post-magmatic processes. 
The relatively higher Si02 content of the liquid from which the B2 unit was 
formed is testified to by the following evidence: a) primary garnet in the wehrlite dykes; 
b) primary sphene and garnet in the bebedourites; c) primary (interstitial) feldspar in 
perovskite-free, evolved bebedourites; d) low modal content of perovskite throughout 
the B2 unit; and e) disequilibrium features of the existing perovskite, which is 
invariably replaced by Ti-rich silicate minerals. The existence of sihcate-free perovskite 
inclusions in pyroxene suggests that silica increases in the liquid with magmatic 
differentiation, as normally expected. On the other hand, the occurrence of melanite 
(s.L), rather than perovskite, in the - presumably - less differentiated wehrlites suggests 
that this increase was not smooth, but probably disturbed by oscillations in the silica 
activity of the system. Such oscillations could have been controlled by the preferential 
removal of silicate (olivine, clinopyroxene) or non-silicate (perovskite, apatite) phases. 
More complex alternatives would be the assimilation of the quartzitic country rock, 
resulting in uneven sihca distribution in the liquid, or the involvement of these magmas 
in an episode of liquid immiscibility. These possibihties will be explored in detail in 
Chapter V. 
Note on bebedourites from the Mata da Corda 
Nearly all compositional and textural features observed in Tapira bebedourites, 
from both the B l and B2 units, are present in clinopyroxenite xenoliths occurring within 
pyroclastic deposits of the Mata da Corda Group (Seer and Moraes, 1988; and thin 
section's from the localities of Chumbo and Lagoa Formosa examined during this 
research). In fact, the classification of those rocks as bebedourite would seem entirely 
appropriate. The petrographic similarities strongly suggest that the plutonic counterparts 
of the Mata da Corda kamafugites are bebedourites analogous to those occurring in the 
Tapira complex. This provides an important link between the carbonatites and the 
kamafugitic magmatism in APIP. 
II.3.3. SYENITES 
Tapira syenites occur as small intrusions in the B l bebedourites. In turn, they are 
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intruded and brecciated by dolomite-bearing calcite carbonatites of the C2 unit. The 
reaction of the syenites with the intrusive carbonatite results in the formation of 
abundant phlogopite at the margins of syenite fragments in breccias. 
The syenites are composed essentially of K-feldspar, with aegirinic pyroxene 
and/or phlogopite/biotite as the principal mafic mineral. Altered patches suggest the 
presence of feldspathoids such as leucite and/or nepheline in some samples. One or 
more of the minerals sphene, zircon, carbonate, apatite and opaques may be present in 
accessory amounts. The texture is usually equigranular, medium- to fine-grained. 
Locally the syenites exhibit preferred mineral orientation, given mainly by tabular 
crystals of feldspar, but most of the studied samples lack oriented structures. 
Feldspar occurs as subhedral, tabular crystals of orthoclase. Zoning is visible in 
some samples (Figure n.19). Optically recognisable perthites seem to be generally 
absent. 
Pyroxene occurs as subhedral prismatic crystals with a deep green colour and 
strong pleochroism, indicative of aegirinic composition. Zoning is inconspicuous but 
may be present in some grains, marked by deeper green colour in the rims. 
Clinopyroxene occasionally includes small subhedral crystals of apatite. In most of the 
samples examined, the modal percentage of clinopyroxene is small and in many cases 
the only mafic mineral present is phlogopite/biotite. However, the concentration of 
glomeroporphyritic aggregates may locally result in over 30 modal % of clinopyroxene 
in a thin section. A second variety of chnopyroxene comprises fine-grained radial 
aggregates of acicular crystals (Figure n.20). 
Phlogopite/biotite occurs in two varieties. The first one is the original mica from 
the syenite, and occurs as small subhedral isolated lamellae. The second variety is 
produced by the reaction of the syenite with interstitial carbonate or with intrusive 
carbonatite magma and may occur as: (i) anhedral lamellae, interstitial to feldspar 
grains; (ii) phlogopite margins in carbonate globules within the syenite; (iii) carbonate-
phlogopite veinlets crosscutting the syenites; or (iv) phlogopite coating syenite 
fragments from carbonatite breccias. 
Sphene occurs as small, euhedral, interstitial crystals, or as inclusions in 
feldspars. It is the main titanium-rich phase in Tapira syenites, since perovskite and 






FigureII.18-Globular inclusion in diopsidefrom bebedourite B2. The inclusion is afine-grained aggregate of 
feldspar and mica. The feldspar within the inclusion is remarkably well preserved, in comparison with the 
interstitialfeldspar in this sample (Figure II. 17). The shape of the inclusion suggests a droplet ofsyenitic liquid 
trapped during the growth of the pyroxene. The pyroxene is concentricallyzoned and partially includes apatite 
(top). Sample at032, plane-polarised light Field of view =0.66x0.4 mm. 
Figure 11.19 -Tabular euhedral orthoclase in syenite. Zoning is marked by the brown alteration. Aegirinic 
pyroxene (dark green, prismatic), opaques and interstitial carbonate (low relief) are also visible. Sample 
atO 12, plane-polarised light Field of view =3x 1.9 mm. 
Figure 11.20 - Radial aggregates of acicular aegirine in syenite. Note also the absence of optically visible 
perthites in thefeldspars. Sample at 018, cross-polarised light Fie Id of view =3x 1.9mm. 
Figure 11.21 - Globule of carbonate, apparently unrelated to carbonatite metasomatism, in syenite. The 
reaction ofthe carbonate in the globule with the host syenite results in theformation ofa phlogopite rich margin. 
Sample atOl 8, cross-polarised light. Fieldofview = 1.3x0.77 mm. 
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Carbonate occurs in interstitial masses, which may be related to the 
crystallisation of C02-enriched residual liquid. Carbonate globules occurring locally 
within the syenites seem to support this hypothesis. In this case the reaction of the 
carbonate in the globule with the host syenite results in the formation of a phlogopite 
margin in the globule (Figure n.21). However, because the syenites are spatially 
associated with carbonatite intrusions, some of the interstitial carbonate is introduced by 
fluids derived from the carbonatites, making it difficult to estimate the relative 
proportion between these two varieties. 
Zircon is a common accessory in Tapira syenites, occurring as anhedral, 
relatively large (up to 0.5 mm, Figure 11.22) crystals. These do not produce pleochroic 
haloes when included in biotite, suggesting that Tapira zircons have relatively low 
contents of radioactive elements such as U and Th. 
Altered patches, composed of a mixture of carbonate, sericite and clay minerals 
are present in some of the examined samples of syenite. Because the orthoclase in the 
same thin sections is virtually fresh, these patches are unlikely to be derived from the 
alteration of feldspar. They probably represent original feldspathoids, such as leucite 
and nepheline, which are more susceptible to alteration processes. The patches are often 
irregularly shaped (Figure n.23) but in some cases their contours resemble those of 
leucite crystals (Figure n.24) whereas others are rectangular, resembling nepheline or 
kalsilite (Figure 11.25). A number of samples containing altered patches were subjected 
to a reconnaissance XRD investigation. In two of these samples a set of peaks consistent 
with the presence of leucite or analcime was found. Unfortunately, these minerals were 
not found in the thin sections investigated by electron microprobe, and a more detailed 
microprobe study is required to characterise their chemical composition. 
In any case, the presence of leucite and analcime (as a likely product of the post-
magmatic alteration of the former), suggested by the XRD data, is consistent with the 
ultrapotassic character of the alkaline rocks in the Alto Paranaiba Igneous Province 
(APIP). Leucite syenites have not been previously described in the province, but are 







Figure 11.22-Relatively large zircon crystal partially included in orthoclasefrom the Tapira syenite. Sample 
at302, cross-polarised light. Fieldofview = 2.24x L47mm. 
Figure 11.23 - Irregularly shapedpatch composed of a fine-grained mixture of carbonate and sericite. Note 
the absence of alteration in the adjacent orthoclase. Sample at039, cross-polarised light. Fieldofview =3x 
1.9 mm. 
Figure 11.24 - Altered hexagonal patch, included in unaltered feldspar The shape of the altered area 
resembles that commonly obsen'ed in leucite crystals. Sample atOl 8, plane-polarised light. Fieldofview =3 
X 1.9 mm. 
Figure 11.25 - Rectangular altered patches in syenite. The shape is strongly suggestive of nepheline or 
kalsilite. The patch near the centre of the picture suggests that the original mineral was zoned. Note that the 
feldspars (white) are alteration-free. Sample at II5, plane-polarised light. Field ofview = 3x1.9 mm. 
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Note on fine-grained (microsyenite) dykes from Salitre 
Fine-grained rocks of syenitic composition were not found in the studied drill 
cores or in outcrops from Tapira. However, these rocks are relatively well exposed in 
the Salitre complex, located further to the northwest in the APIP. A suite of felsic dykes 
from Salitre was examined petrographically and by XRD, and their chemical 
composition determined (Chapter IV), as a potential fine-grained equivalent of the 
Tapira syenites. As in Tapira rocks, the Salitre microsyenites are essentially composed 
of K-feldspar and aegirinic pyroxene. However, they also contain fine-grained 
perovskite and modally significant feldspathoids (Figures n.26 and n.27). 
More importantly, the XRD study of one of these samples revealed the presence 
of peaks at D = 3.94, 3.119, 2.572, 2.479 and 2.43 A, which indicate the presence of 
kalsihte (card number 11-579 in the JCPDS). In addition to kalsilite, the XRD results 
also suggest the presence of nepheline in these rocks. As nepheline and kalsilite are 
petrographically indistinguishable, the evaluation of their relative proportions, as well as 
a precise chemical characterisation awaits detailed microprobe studies of the Salitre 
rocks. 
Kalsilite has been described in kamafugitic rocks from the APIP (Mata da 
Corda, Sgarbi and Valenga, 1993) and from the contemporaneous Ipora Igneous 
Province, in the northern margin of the Parana Basin (Junqueira-Brod, 1998), but has 
not been reported in connection with the carbonatite complexes. The occurrence of 
kalsilite in rocks from Salitre provides a crucial piece of evidence hnking the 
carbonatite complexes with the kalsilite-bearing kamafugitic rocks of APIP. This is in 
good agreement with the remarkable petrographic similarities between the Tapira 
bebedourites and the clinopyroxenite xenoliths contained in the Mata da Corda 
kamafugites. Kalsilite has been reported from some of these xenoliths (Sgarbi et ai, 
1998) 
llA - CARBONATITES 
The Tapira carbonatites were grouped into five different units (CI to C5), 
according to their location in the complex (see Figure 1.15, Chapter I) and to their 
mineralogical and petrographic properties. Apart from C5, which occurs as dykes 
crosscutting several rock- types in the complex, the stratigraphic relationships between 
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these bodies are difficult to estimate from drill core data alone. Therefore, the sequential 
numbers were attributed to the units on the basis of limited indirect evidence, such as 
the spatial association with particular units of the SPS. The designations CI to C5 also 
reflect the volumetric importance of each unit within the complex. Accordingly, CI is 
the largest carbonatite body, composed essentially of calcite-carbonatites (sovites, 
subordinately dolomite-sovites) and intruding wehrlites and bebedourites of the B1 unit, 
in the centre of the complex. C2 consists of dolomite-bearing calcite-carbonatites 
(dolomite-sovites) spatially associated with syenites in the centre-north region. C3 and 
C4 are small bodies of sovite occurring, respectively, in the northern and southern 
border of the complex. C3 is spatially associated with bebedourites of the B2 unit, and 
seems to be located in the contact of B2 with a small area of B l bebedourites (see 
Figure 1.15). C4 is petrographically similar to C3 and crops out in an isolated area, 
where the contact with the country rock is not exposed. Finally, several late-stage dykes 
crosscutting the previous units were collectively placed in the C5 unit, regardless of 
their occurrence within the "C5" area of Figure 1.15 or not. 
It should be stressed that this ordering of the Tapira carbonatites is merely 
tentative, due to the lack of direct field evidence in most cases. In later sections of this 
thesis, evidence from rock and mineral chemistry will be examined seeking to confirm 
or refute this hypothetical "magmatic sequence" of the Tapira carbonatites. The 
petrographic aspects of each individual unit are described below. 
II.4.1. C I UNIT 
This unit comprises granular, medium-grained calcite carbonatites and intrudes 
B l wehrlites and bebedourites, brecciating and metasomatising these rocks, with the 
formation of phlogopite-rich fenites (see section n.6). The calcite carbonatites are 
frequently cut by dykes of late-stage dolomite carbonatites. 
C I carbonatites vary from homogeneous to locally banded. The essential 
minerals are calcite, phlogopite, magnetite and apatite, with subordinate amounts of 
dolomite, sulphides, baryte and pyrochlore. The texture is dominantly granular. 
Carbonate minerals consist essentially of anhedral, equant (1-2 mm) grains of 
calcite. Post-magmatic processes resulted locally in low-temperature recrystallisation of 
the calcite. The recrystaUised carbonate acquires a "cloudy" aspect, caused by the 
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exsolution of several phases such as opaque minerals and Sr-, Ba- and REE-rich 
carbonates (Figure 11.28, and Chapter HI). This feature is particularly common in the CI 
unit, probably as a function of the larger dimensions of this intrusion, which would 
favour the development of more extensive hydrothermal/carbothermal systems. The 
carbonate crystals may locally show preferred orientation, suggesting a certain degree of 
flow of the semi-consolidate carbonatite. Dolomite may occur as interstitial grains, or 
accompanying ankerite in the late-stage veinlets. 
Phlogopite occurs as subhedral laths with very strong orange to deep-red reverse 
pleochroism, which is characteristic of tetraferriphlogopite (TFP). The crystals often 
show concentric oscillatory zoning and inclusions of carbonate, apatite and pyrochlore. 
No evidence of disequiUbrium with the carbonatite Uquid or reaction with adjacent 
minerals was found (Figure n.29). This variety of phlogopite is, therefore, interpreted as 
magmatic, crystallised directly from the carbonatitic liquid. 
A different variety of phlogopite comprises xenocrysts derived from the 
ultramafic rocks of the SPS. These are particularly common in breccias formed in the 
vicinity of the contact with the SPS, but become rare towards the centre of the CI 
intrusion. The phlogopite of this variety has normal pleochroism, in shades of yellow 
and orange, which is typical of ordinary phlogopite. The crystals invariably show 
evidence of disequilibrium with the carbonatite liquid, being replaced at the rims and 
along cleavages by TFP. The completion of the replacement process results in fine-
grained aggregates of anhedral TFP. These are unlike the primary TFP described above, 
in that they do not exhibit euhedral shapes or regular zoning. However, the dispersal of 
these fine-grained aggregates may result in scattered TFP flakes, which are then 
indistinguishable from the primary mica. 
The proportion of apatite is highly variable, as a function of the banded character 
of some of the C I carbonatites. Apatite occurs as subhedral to more frequently rounded 
crystals. It may be concentrated in bands, together with TFP, or in irregular aggregates 
with TFP and pyrochlore. In some cases, the apatite-rich bands also contain xenocrystic 
phlogopite. The modal banding of C I carbonatites suggests the influence of crystal 




Figure 11.26 - Syenitic dyke from the Salitre Complex. Note the oriented prismatic feldspars and the 
hexagonal section of an euhedralfeldspathoid (leucite?). Compare with Figure 11.24. Sample sal-2, plane-
polarised light. Fieldofview = 1.3x0.77 mm. 
Figure 11.27-Syenitic dyke from the Salitre Complex. Note the orientation offeldspars and the rectangular 
section of feldspathoid (lightgrey, in the centre). This is uniaxial negative and could be either nepheline or 
kalsilite (see text). Compare with Figure 11.25. Sample sal-2, cross-polarised light. Field of view =3 x 1.9 
mm. 
Figure 11.28 - Carbonatite of the CI unit. Note the orientation of the calcite grains, parallel to the 
phlogopite-and apatite-rich band at the top. Also note the developmentof "cloudy" calcite (see text) along a 
fracture at the bottom. Sample at055, plane-polarised light. Fieldofview = I2x 7.2 mm. 
Figure 11.29 - Euhedral zoned phlogopite, in equilibrium with carbonatite. Note the strong pleochroism 
from yellow-orange to deep red-brown. A Iso note the extensive developmentof "cloudy " calcite, due to post-
magmaticrecrystallisation. Sample at 136, plane-polarised light. Fieldofview = 2.15x1.3 mm. 
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Pyrochlore is a conspicuous accessory in CI . It occurs as small euhedral to 
subhedral crystals, locally associated with apatite and TFP. Some crystals show a 
concentric zoning pattern (Figure n.30). Pyrochlore includes apatite and may include or 
be included in TFP. 
Baryte occurs as scattered grains or as aggregates of granular or fibrous crystals, 
often altered to oxidised materials. The shape of the aggregates is irregular and 
sometimes baryte appears to be filling vugs in the carbonatite (Figure n.31). Fractures 
filled with baryte are common. 
Opaque minerals occur as scattered grains of magnetite and late-stage subhedral 
sulphides (mainly pyrite, occasionally chalcopyrite). 
II.4.2. C 2 UNIT 
The mode of emplacement of C2 carbonatite is variable. These rocks occur as: a) 
an independent intrusion (marked "C2", in Figure 1.15); and b) as dykes and diatreme-
facies breccias elsewhere in the complex. These two sub-types are described separately 
in the sections below. However, it should be emphasised that, since the two groups do 
not necessarily show spatial association, their inclusion in the same unit is merely 
tentative. These rocks share some compositional similarities (e.g. the presence of both 
calcite and dolomite as primary carbonates; occasional occurrence of zirconolite) and 
show "a persistent association with syenites. However, a number of other features, such 
as contrasting textures and/or mode of emplacement (see below) could mean that 
carbonatites of more than one origin are present within the C2 unit. 
"C2 " intrusion 
The rocks occurring in the C2 area of Figure 1.15 are composed essentially of 
carbonate, with accessory opaque minerals and very small (in most cases negligible) 
amounts of phlogopite, amphibole, zirconolite, baryte and pyrochlore. These rocks are 
usually finer-grained than CI (average grainsize 0.4 mm). 
Carbonate minerals comprise calcite and dolomite. Both minerals may develop a 
cloudy appearance, caused by the exsolution of Sr- and Ba- rich phases in response to 
low-temperature recrystallisation. Deformation of carbonate crystals is recognised in 






Figure 11.30 - Zoned pyrochlore in carbonatite of the unit CI. Note the subhedral contours, the inclusion of 
apatite (rounded, white) and the partial inclusion of carbonate and TFP at the margins of the crystal. Sample 
at 136,plane -polarisedlight Fieldofview = 0.66x 0.4 mm. 
Figure 11.31 - Vug filled by partially altered baryte in carbonatite CI. Note the elongate calcite crystal within 
the baryte and the subhedral TFP. Sample at 136, plane-polarised light Fieldofview = 3x J.9 mm. 
Figure II. 32 - Mortar texture in carbonatite of the unit C2, defined by aggregates of small crystals at the 
margins ofthe primary carbonates, due to deformation. Sample at050, plane-polarised light Field ofview = 3 
xl.9 mm. 
Figure 11.33 - Highly deformed carbonatite of the unit C2. Note the augen of carbonate in a finer-grained 
carbonate groundmass. This texture is interpreted as an evolution of that in Figure 11.32, by increasing 
deformation. Sample at051, cross-polarised light Fieldofview = 12x 7.2 mm. 
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ultimately evolves to a fine-grained fabric with isolated "augen" of the original 
carbonate (Figure n.33). This contrasts with the apparently permissive intrusion of 
carbonatite in the syenites (i.e., with the formation of magmatic sloping breccias, see 
Chapter I). It may be that the C2 intrusion of Figure 1.15 consists of more than one batch 
of magma. 
Phlogopite occurs only as tiny (0.1 mm) flakes, scattered in the carbonatite. 
These flakes may show either normal (ordinary phlogopite) or reverse pleochroism 
(TFP). The paucity and the reduced size of mica flakes in C2 make it difficult to 
ascertain the origin of this mineral. Direct precipitation from the carbonatite magma or 
disintegration of phlogopite xenocrysts seem equally probable. On the grounds of the 
similar optical properties and of similar composition (see Chapter IH) the flakes of TFP 
are interpreted here as primary, whilst the flakes of ordinary phlogopite may be of 
xenocrystic origin. 
Pyrochlore is rare and occurs as scattered, euhedral, small (up to 0.2 mm) zoned 
crystals. It is at least partly formed at a late stage, since it accompanies baryte in vugs. 
Amphibole occurs in very few samples, forming radial aggregates of dark blue-
green acicular crystals. 
Opaque minerals consist mostly of small interstitial grains of subhedral 
magnetite, with subordinate amounts of relatively coarser-grained sulphides. 
Zirconolite occurs as small, subhedral, deep red-brown crystals (Figure n.34). 
Zirconolite is the only zirconium mineral found in the Tapira carbonatites during this 
research. Furthermore, it seems to be restricted to carbonatites of C2 unit. It is 
interesting to note that the C2 carbonatites are spatially associated with the Tapira 
syenites, which are also enriched in zirconium (e.g. large zircon crystals. Figure n.22). 
Dykes and breccias 
C2 Carbonatites locally occur as fine-grained dykes, containing euhedral 
phenocrysts of apatite and tabular calcite, as well as deformed xenocrysts of phlogopite 
(Figure n.35) and, more rarely, diopside. The groundmass is composed of fine-grained 
calcite, dolomite, apatite, opaque minerals, phlogopite and chlorite. ZirconoUte may be 




Figure 11.34 -Aggregate of zirconolite crystals in carbonatite C2 (deep brown-red, at the centre). Also note 
the smallflakes of phlogopite. Sample at05I, plane-polarised light. Field ofview = 0.62x 0.35 mm. 
Figure 11.35 -Deformedphlogopite xenocryst in dyke of carbonatite C2. Note the euhedral prismatic calcite, 
oriented in the direction of flow. Apatite microphenocrysts (locally euhedral) are also present. The two 
rounded, light-coloured patches are fine-grained feldspathic aggregates and suggest a link between this 
carbonatite unit and the syenites. Sample at219, plane-polarised light. Fieldofview = 3x 1.9mm. 
Figure 11.36 - View of feldspathic globules in cross-polarised light. Note the rounded shapes and the lack of 
alteration. Sample at2I9, cross-polarised light. Fieldofview = 3x1.9 mm. 
Figure 11.37 - Back-scattered electron (BSE) image showing a small grain of quartz (Qz, dark grey) being 
partially dissohed and replaced by strontianite (Str, bright light grey). The rounded shape of the quartzgrain 
suggests that it may ha\'e derivedfrom the meta-sedimentary country rocks. Scale bar = 50 \i. 
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n.35). Globules composed of fine-grained feldspathic aggregates are common (Figures 
n.35,11.36), suggesting that C2 may have been contemporaneous with syenites, and that 
the two rock-types may be linked by a common origin (e.g. differentiation or liquid 
immiscibility). The C2 carbonatite dykes show evidence of some degree of crustal 
assimilation. Figure n.37 shows a partially assimilated rounded grain of quartz, 
presumably derived from the meta-sedimentary country rock. 
A carbonatitic diatreme breccia has been temporarily exposed by the mining 
activities in Tapira (see Chapter I). This is composed of fragments with highly variable 
size (up to Im), comprising several petrographic varieties of SPS rocks and, more 
rarely, fragments of country rock. The matrix is fragniental and extremely rich in 
xenocrysts (Figures n.38 and n.39), immersed in a carbonate-rich groundmass. The 
composition of the xenocrysts is highly variable, but they seem to derive mainly from 
the SPS rocks (e.g. clinopyroxene, olivine, apatite, phlogopite, opaques, perovskite). 
Two varieties of clinopyroxene xenocrysts are present in the breccias and dykes 
of the C2 unit. The first consists of abundant xenocrysts of pale-green, weakly 
pleochroic diopside, similar to that in the bebedourites. The second comprises rare, deep 
green aegirinic pyroxene, similar to that of the syenites. 
On the basis of the presence of both calcite and dolomite in the groundmass of 
the breccias and of the similarities between the xenocrysts present in the breccias and 
those present in the C2 dykes, the breccias are interpreted here as an explosive 
expression of the C2 magmatism. 
Finally, the petrographic evidence points to an intimate association between C2 
and syenites, suggesting that these two rock-types may be contemporaneous or have 
formed within a short period of time. This is supported by: (i) the presence of carbonate 
globules and interstitial carbonate patches in the syenites (lacking apparent association 
with carbonate veinlets); (ii) the spatial association between the two units in the 
complex; (iii) the small number of aegirinic xenocrysts in C2, compared with diopside; 
(iv) the presence of zirconolite as a common accessory mineral in C2, together with the 
abundance of zircon in the syenites; (v) the presence of feldspathic globules in C2 
carbonatites. 
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Figure 11.38 - Detail ofthe matrix of the carbonatitic breccia, containing numerousfragmented crystals of 
apatite and mafic minerals, derived from the SPS rocks. Sample tap-lb. 
Figure 11.39 - Matrix ofthe carbonatitic breccia. Note the fragmented crystals ofapatite, olivine (partially 
serpentinised), pyroxene, phlogopite and opaque minerals. Compare the light-coloured diopside crystals 
derived from bebedourites with the dark green aegirine (near the centre) derived from syenites. Sample tap-
lb, plane-polarised light Fieldofview = 12x 7.2 mm. 
Figure 11.40-Xenocrystic phlogopite in carbonatite C3. The optical properties ofthe core are indicative of 
ordinary (high-Al) phlogopite, but the mineral is evidently in disequilibrium with the carbonatite, being 
partially dissoh'ed and replaced by tetraferriphlogopite in the rims and clea\'ages. Compare this phlogopite 
with the primary tetraferriphlogopite crystals of carbonatite CI (Figure 11.29). Sample atoSOa, plane-
polarised light Field ofvieM' = 1.3x0.77 mm. 
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I I . 4 . 3 . C 3 UNIT 
This unit occurs in the northern extremity of the complex. It consists of medium-
to coarse-grained (average grainsize = 2 mm) calcite-carbonatites, with isotropic 
structure and granular texture. The carbonatite is composed mainly of interlocking 
calcite crystals, and smaller (0.2-0.3 mm) rounded crystals of apatite. Opaques are 
common, and xenocrysts of clinopyroxene and phlogopite are conspicuous. Perovskite 
is an extremely rare accessory in C3. 
Calcite occurs as an equigranular, closely packed arrangement of anhedral 
crystals that dominates the texture. The effects of post-magmatic alteration, observed in 
CI and C2 (development of "cloudy" calcite) are remarkably restricted in C3. This is 
probably due to the smaller size of the C3 intrusion, with correspondingly downscaled 
hydro thermal or carbothermal systems. 
Phlogopite is only present in C3 as xenocrysts. These comprise anhedral crystals 
of ordinary (normal pleochroism) phlogopite. They invariably display evidence of 
disequilibrium with the carbonatite liquid, such as embayed margins, irregular shapes 
and partially replacement by TFP, especially around the rims or along cleavages and 
fractures (Figure n.40). 
Pyroxene is also xenocrystic, but has a more restricted distribution than 
phlogopite. The pyroxene xenocrysts are not as easily dissolved by the carbonatite liquid 
as those of phlogopite, but still show irregular, rounded or embayed margins. The 
xenocrystic origin is evident in Figure n.41. Note that the pyroxene in this picture 
shows an irregular shape and the inclusion of apatite (near the top-side of the crystal) 
terminates exactly at the limit of the xenocryst. Optically, the clinopyroxene xeno'crysts 
in C3 are similar to the diopside in the bebedourites B-2, which is unsurprising, given 
the spatial association of the two units in the northern margin of the complex. 
I I . 4 . 4 . C 4 UNIT 
This unit is petrographically similar to C3, except for the apparent absence of 
diopside xenocrysts. Phlogopite xenocrysts show strong evidence of being dissolved 
into the carbonatite liquid, with fine-grained opaque minerals forming as a residue. In 
extreme cases, the phlogopite crystal is completely dissolved, leaving behind only a 






Figure 11.41 - Xenocrystic pyroxene in carbonatite of unit C3. Note that the apatite inclusions in the 
pyroxene do not have physical continuity outside the xenocryst Sample at043, plane-polarised light. Field 
of view =6x3.7 mm. 
Figure 11.42 -Xenocrystic phlogopite in carbonatite of unit C4. The crystals are being dissolved by the 
carbonatite. Note the increasing intensity of dissolution, from top to bottom in the photograph. Sample 
at 13 J, plane-polarised light. Fieldofview = 6x3.7mm. 
Figure 11.43 -Accumulation ofphenocrystsof serpentinisedolivine in the centre of phlogopite-picrite dyke, 
byflow differentiation. Sample tp-90-4, plane-polarised light. Field ofview = 12x7.2 mm. 
Figure 11.44 - Preserved olivine phenocrysts in the central portion of a phlogopite-picrite dyke. Note the 
high modal percentage of phenocrysts, produced by accumulation of olivine as a result of flow-
differentiation. The crystals are aligned in the direction of flow. Sample at021, plane-polarised light Field of 
view = 12x7.2 mm. 
J . A . B R O D 
n.4.5. C 5 UNIT 
A number of late-stage dykes and veins have been grouped under this unit. In 
Figure 1.15 (Chapter I) an area is shown, in the northwestern portion of the complex, 
where these rocks are particularly common and which probably represents a larger dyke 
or system of dykes. However, the C5 rocks are not restricted to this region, but form 
thin dykes and veinlets throughout the complex. They are, therefore, considered as the 
latest carbonatite manifestation in Tapira. 
Carbonatites of the C5 unit are usually fine-grained (0.2-0.3 mm) and 
equigranular, although coarser-grained facies may occur locally. They are composed of 
dolomite or mixtures of dolomite and calcite. Opaques and baryte are the common 
accessory minerals. Phlogopite (TFP) and apatite are very rare. Phlogopite xenocrysts 
do occur, showing the same disequilibrium features described above for other 
carbonatite units. 
I I . 5 - ULTRAMAFIC DYKES 
The plutonic rocks of the Tapira complex are crosscut by a large number of 
ultramafic dykes, subdivided here into phlogopite-picrites and low-Cr dykes. The 
thickness of these dykes is usually small (a few centimetres) but may exceptionally 
reach a few metres. 
I I . 5 . 1 . P H L O G O P I T E - P I C R I T E S 
These rocks consist of phenocrysts of oUvine (less frequently phlogopite, apatite 
clinopyroxene or perovskite) set in a fine-grained groundmass composed of phlogopite, 
carbonate, apatite, perovskite and opaque minerals. They commonly show evidence of 
flow-differentiation, defined by the accumulation of olivine phenocrysts towards the 
centre of the dykes (Figure n.43). 
Olivine phenocrysts are subhedral to euhedral, varying from intensely 
serpentinised to perfectly fresh. The preferred orientation of phenocrysts in the direction 
of flow is common (Figure n.44). Olivine phenocrysts may be coated by aggregates of 
equant small crystals of perovskite and oxides (chromite). This texture is identical to 
that observed in the wehrUtes (e.g. Figure n.6). Perovskite coating of olivine crystals 
has also been described from kimberlites (e.g. Reid et al, 1975; Dawson and 
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Hawthorne, 1973). Locally the olivine phenocrysts are mantled by subhedral laths of 
phlogopite (Figure n.45). A similar texture has been described from lamproites 
(Mitchell and Bergman, 1991) and interpreted as the product of nucleation of magmatic 
phlogopite against olivine macrocrysts, rather than reaction between olivine and liquid. 
Manthng of olivine by phlogopite laths has also been reported by Gibson et al. (1994) 
from the kamafugitic diatreme of Serra do Bueno, in APIP. A second type of phlogopite 
mantling in ohvine phenocrysts is illustrated in Figure n.46. In this case, anhedral 
masses of phlogopite form coronas around the olivine phenocrysts and are clearly the 
product of reaction (note, for instance, the ring of perovskite + opaques marking the 
contours of the original olivine crystal). The sample portrayed in Figure n.46 shows 
petrographic and chemical evidence of widespread post-magmatic alteration. This is 
possibly a phlogopite-picrite dyke caught in the hydro/carbothermal system of a late 
intrusion of carbonatite. This texture is therefore interpreted as a metasomatic feature, as 
opposed to the primary (magmatic) character of the texture in Figure n.45. 
In addition to its occurrence with ohvine, phlogopite is present as phenocrysts 
and is also an important constituent of the groundmass of phlogopite-picrites. The 
phenocrysts may be locally abundant and occur as subhedral laths, oriented or not 
(Figure n.47). They may be zoned towards tetraferriphlogopite, in samples where 
carbonate is modally abundant in the groundmass. The phlogopite laths show minor 
embayments, indicative of incipient dissolution of the phenocryst into the hquid (Figure 
n.47). Groundmass phlogopite occurs as subhedral to anhedral (interstitial) lamellae, 
which may be oriented or not. 
Chnopyroxene is diopsidic in composition and occurs as rare phenocrysts, 
locally surrounded by phlogopite mantles. 
Perovskite is an important constituent in the groundmass. It also forms rare 
subhedral phenocrysts, containing inclusions of apatite and fine-grained groundmass 
material. 
Opaque minerals occur as small scattered grains in the groundmass (chromite + 
titanomagnetite) or slightly larger crystals (chromite) accompanying perovskite in rings 
formed around olivine phenocrysts. 
Apatite occurs as small prismatic or equant crystals in the groundmass or, more 
rarely, as subhedral prismatic microphenocrysts (Figure n.48). 
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Figure II. 45 - Serpentinised olivine phenocryst, mantled by laths ofphlogopite. The mantling is interpreted 
as a magmatic texture (compare with Figure II. 46). Sample at022, plane-polarised light Field ofview = 3x 
1.9 mm. 
Figure II. 46 - Metasomatic replacement of olivine by masses ofanhedral phlogopite. Note that the original 
limits ofthe olivine grains are marked by the mantles ofperovskite + opaque minerals. Sample at} 20, plane-
polarised light Field of view 3 x 1.9mm. 
Figure II47 - Subhedral to euhedral phenocrysts of phlogopite in phlogopite-picrite dyke. Note the rims 
composed oftetraferriphlogopite and showing irregular outlines, as result ofa strongly poikilitic character, 
whilst the cores are virtually inclusion-free. Some crystals show embayed outlines indicating partial 
dissolution into the liquid. Sample 91SB2, plane-polarised light Field ofview = 3x 1.9 mm. 
Figure 11.48 - Prismatic (top-right) and basal (bottom-right) sections of apatite microphenocrysts in 
phlogopite picrite dyke. Sample at022, plane-polarised light Fieldofview =3x 1.9mm. 
C H A P T E R I I - P E T R O G R A P H Y 
The formation of carbonate-rich zones in the groundmass of phlogopite-picrite 
dykes is locally observed. These may evolve to carbonate "pockets" (Figure n. 49) of 
irregular or globular shape, suggesting that immiscibihty of carbonate-rich liquid from 
the phlogopite-picrite magma may have occurred as early as during the formation of 
ohvine. Although immiscibihty of silicate and carbonate hquids is by far more common 
at more evolved stages (e.g. carbonatite immiscibility from phonolitic magma) the 
process has been documented in ultramafic rocks such as kimberlites and ultramafic 
lamprophyres (e.g. Dawson and Hawthorne, 1973; Pearce and Leng, 1996). 
I I . 5 . 2 . L O W - C R D Y K E S 
The low-Cr dykes typically contain phenocrysts of one or more of pyroxene, 
apatite, garnet and phlogopite, set in a groundmass of the same minerals plus opaques 
and carbonate. 
Clinopyroxene phenocrysts (Figure n.50) are diopsidic in composition. They 
form subhedral prismatic crystals, locally surrounded by a rim of opaque minerals. In 
the groundmass, pyroxene occurs as subhedral to anhedral crystals, with a deeper green 
colour and locally develops acicular habit. 
Phlogopite occurs as microphenocrysts or as euhedral to subhedral lamellae in 
the groundmass. The crystals commonly show preferred orientation, defining a flow 
texture in the low-Cr dykes. Both phenocrysts and groundmass phlogopite may be zoned 
towards deep reddish-brown rims. However, whilst the phenocrysts sometimes display 
evidence of reaction with the liquid, the flakes in the groundmass appear to be in 
equiUbrium (Figure n.51). In many cases the colour absorption in the rims is so strong 
that the character of the pleochroism (i.e. normal or reverse) could not be determined. 
These rims may represent tetraferriphlogopite or, alternatively, titanian phlogopite. The 
zoning is interpreted as primary, rather than metasomatic replacement. 
Apatite occurs as subhedral prismatic phenocrysts and microphenocrysts. It is 
often skeletal (Figure n.52), suggesting a relatively fast growth rate. 
Garnet of melanite to andradite composition is common in the groundmass of 
low-Cr dykes. Melanite, rather than perovskite, is the main Ti mineral. Together with 




Figure 11.49 - Irregularly-shaped pocket of carbonate (centre) in phlogopite-picrite dyke. The radial 
aggregates ofacicular crystals within the pocket are ofan unidentified mineral (wollastonite ? amphibole ?). 
Sample atOJ 4, plane-polarised light. Fieldofview = 6x3.7 mm. 
Figure 11.50 - Microphenocrysts of pyroxene (light green) and apatite (white) in low-Cr dyke. Sample 
at024, plane-polarised light. Fieldofview = J.3x0.77 mm. 
Figure 11.51 - Euhedral lamellae of phlogopite in the groundmass of low-Cr dyke. The crystals are zoned 
towards deep reddish brown rims and appear to be in equilibrium. Also note the presence of acicular 
clinopyroxene (green). Sample at201, plane-polarised light. Field ofview = 0.66x 0.4 mm. 
Figure 11.52 - Skeletal microphenocryst of apatite in low-Cr dyke. Sample at201, plane-polarised light. 
Fieldofview = 0.66x 0.4 mm. 
C H A P T E R I I - P E T R O G R A P H Y 
compared with the phlogopite-picrites. The garnet crystals are euhedral and zoned 
towards Ughter-coloured rims. 
With the magmatic evolution of the low-Cr dykes, the carbonate content 
progressively increases in the groundmass. This often leads to the formation of 
carbonate globules or ocelli (Figures n.53, n.54), suggesting that carbonate tends to 
form immiscible droplets within the low-Cr dykes. In some cases, the carbonate 
enrichment in the groundmass of low-Cr dykes is extreme and these rocks virtually 
grade to silico-carbonatites. The zoning of garnet seems to correlate well with this 
process. Figure n.55 shows garnet crystals from an extremely evolved (carbonate-rich) 
dyke. The cores of garnet crystals are dark-coloured and optically similar to the melanite 
occurring in less evolved dykes and in the B2 bebedourites. As the liquid evolves, the 
amount of Ti decreases abruptly and the garnet rims become close to andradite in 
composition. Whilst some of the darker cores may have irregular contours, indicating 
that they were partially dissolved by the liquid, the rims are perfectly euhedral and seem 
to be in equilibrium with the groundmass carbonate. 
The sudden unavailabihty of Ti in the low-Cr dykes is difficult to explain only 
by progressive removal of melanite or another Ti-rich phase (e.g. to form bebedourite-
hke cumulates). It is possible that this abrupt change signals the onset of a more 
extensive event of liquid immiscibility. 
I I . 6 - METASOMATIC ROCKS 
I I . 6 . 1 - C O U N T R Y ROCKS 
The intrusion of the Tapira complex resulted in deformation and metasomatism 
of the meta-sedimentary country rocks (quartzites and schists). The effects of 
metasomatism are more easily observed in the quartzites, because of their relatively 
simple initial composition and because these rocks crop out more often than the schists. 
The fenitisation aureole seems to be relatively restricted in Tapira although this is 
difficult to evaluate accurately, because of the poor exposure. The fenitised country rock 





Figure 11.53 - Segment of drill core. Low-Cr dyke showing the formation of carbonate globules (white), 
suggesting the immiscibility of carbonate liquid from the dyke. 
Figure 11.54 - Rounded carbonate globules in fine-grained low-Cr dyke. Sample at207, plane-polarised 
light Field of view =2x1.3 mm. 
Figure 11.55 - Euhedral garnet crystals in the carbonate-rich groundmass of low-Cr dyke. The cores of 
crystals are melanitic in composition, whilst the light yellow rims are andradite. Note the crystal near the 
centre of the photograph, where the dark core shows evidence of partial dissolution. Sample at211, plane-
polarised light. Fieldofview = 1.3x0.77mm. 
Figure 11.56 - Fenitised quartzite. Note the dark lines marked by the formation of aegirine along the 
previously existing structures of the rock. Sample rja-t3. 
C H A P T E R I I - P E T R O G R A P H Y 
The first metasomatic effect observable in the quartzites is the formation of 
scattered porphyroblasts of alkah-feldspar. Closer to the contact with the complex, 
where metasomatism was more intense, the quartzites are converted to feldspar- and 
aegirine-rich fenites (Figure n.56). The structural fabric of the original rock may be 
preserved, or even enhanced, by the concentration of aegirine crystals along the pre-
existing structure. Most of the quartz is transformed to alkali feldspar. The presence of 
substitution perthites in the feldspars (Figure n.57) suggests that multiple generations of 
alkali-feldspars were formed, perhaps during a prolonged metasomatic event or by 
several independent introductions of metasomatic fluids. 
11,6.2 - S I L I C A T E PLUTONIC R O C K S ( S P S ) 
The effects of the intrusion of carbonatites in the Silicate Plutonic Series are 
clearly visible in drill-core samples. A phlogopite-rich reaction zone develops in the 
contact of syenite and carbonatite (Figure n.58). The thickness of this reaction zone is 
variable, but usually does not exceed a few centimetres. 
In the ultramafic rocks of the SPS, the effects of carbonatite metasomatism are 
by far more intense. The dunites, wehrlites and bebedourites are converted into a 
phlogopite- carbonate- and magnetite-rich rock that has been classified as phlogopitite, 
glimmerite, foscorite, and sihco-carbonatite by previous investigators of the APIP 
carbonatite complexes. This rock has also been occasionally confused with the 
magmatic phlogopite-rich rocks (phlogopite-picrites and low-Cr dykes). To avoid 
further misunderstanding, the metasomatic, phlogopite-rich products of the interaction 
of carbonatite liquids with the ultramafic portion of the SPS will be called simply 
"reaction rock" in this thesis. 
The reaction rock (Figure n.59) is fine-grained, dark brown in colour and 
crosscut by abundant carbonate veinlets. Small-scale banding, with alternating 
phlogopite- and carbonate-rich zones is conspicuous. These alternating bands are always 
parallel to the contact (note the concentric pattern in Figure n.59, surrounding the 
preserved core of ultramafic rock). Similar textures have been described by Caspar 
(1989), for ultramafic rocks subjected to carbonatite metasomatism in the Jacupiranga 
complex. The carbonate in the reaction rock is dolomite, and the mica has the strong red 




Figure 11.57 - Microscopic view of the fenite in Figure II. 56. Note the small crystals of aegirinic pyroxene 
and the substitution perthites in the feldspar Sample rja-t3, cross-polarised light. Field ofview = 1.3x0.77 
mm. 
Figure 11.58 - Phlogopite-rich reaction zone formed between syenite and intrusive carbonatite (bottom-
right). Sample at305, cross-polarised light. Fieldofview = 12x 7.2mm. 
Figure 11.59 - Segment of drill core, showing the de\>elopment of the reaction rock between carbonatite 
dykes and ultramafic rock ofthe SPS. Note the concentric banding, parallel to the contact with the preserved 
core of ultramafic rock. 
Figure 11.60 - Microscopic view of the reaction rock. Note the strong red colour of the mica, the carbonate 
bands parallel to the contact and the conversion of the pyroxenes to tetraferriphlogopite. Sample at 0 J 9b, 
plane-polarised light. Fieldofview = 12x 7.2 mm. 
C H A P T E R I I - P E T R O G R A P H Y 
The generation of tetraferriphlogopite by metasomatic processes has been 
demonstrated in previous sections of this Chapter. In fact, it appears that all 
tetraferriphlogopite in SPS rocks is accompanied by textural evidence of metasomatism. 
The same is not true of the primary tetraferriphlogopite in carbonatites CI and of the 
zoned crystals in some of the phlogopite-picrites and low-Cr dykes. The chemical 
properties of Tapira micas will be investigated in a further section of this thesis, with a 
view to establishing possible differences between magmatic and metasomatic varieties. 
I I . 7 - SUMMARY 
• The petrographic characteristics of Tapira rocks are described in detail. The 
subdivision of the Silicate Plutonic Series (SPS) and of the Tapira carbonatites, 
established in Chapter I , is supported by detailed variations in mineralogy and 
texture of the Tapira rocks. 
• Within the ultramafic portion of the SPS, two petrographically distinct groups (Bl 
ad B2) are recognised. In both groups, bebedourites (a variety of alkaline 
cllinopyroxenites containing essential perovskite, apatite and phlogopite) are largely 
predominant. Volumetrically subordinate olivine-rich rocks (mainly wehrlites) are 
also present. Facies variations towards perovskite- and/or apatite-rich rocks are 
common, particularly in B l . 
• A progressive increase in Si02 activity is marked by the decrease of modal 
perovskite and the appearance of Ca-Ti silicates, such as melanite and sphene. This 
may occur in both B l and B2 rocks but is a more prominent feature in the latter. 
Some evolved B2 bebedourites may contain interstitial feldspar and/or carbonate. 
• Modal layering and strong mineral orientation, particularly in B l , suggest that most 
of the SPS is composed of cumulates, and that these may have been emplaced 
partially as a crystal mush. Some of B2 rocks, however, may represent the products 
of in situ crystalhsation. Ultramafic pegmatites occur locally in B l . Their 
composition is mainly bebedouritic, but rare mehlitohte (uncompahgrite) is also 
present. 
• Tapira syenites are composed essentially of non-perthitic orthoclase, with 
subordinate aegirinic pyroxene and phlogopite, and accessory sphene, zircon and 
J . A . B R O D 
carbonate. Some samples may possibly contain altered feldspathoids. 
Carbonatites are subdivided into five units (CI to C5). Rocks of the CI unit are 
coarse-grained calcite carbonatites, containing primary crystals of 
tetraferriphlogopite, apatite, magnetite and pyrochlore. Phlogopite xenocrysts and 
late-stage baryte and sulphides are also present. 
C2 carbonatite vary considerably in texture and composition. Rocks from the "C2" 
intrusion are composed essentially of calcite and subordinate dolomite, with 
accessory phlogopite and/or tetraferriphlogopite, pyrochlore, amphibole, opaques 
and zirconolite. The C2 dykes and the carbonatitic groundmass of diatreme-facies 
breccias contain primary crystals of tabular euhedral calcite, in addition to frequent 
xenocrystic material derived from the SPS and assimilated from the country rock. A 
possible association of C2 carbonatites with the syenites is suggested. 
C3 and C4 are petrographically similar, although not spatially associated. These are 
medium to coarse grained calcite carbonatites, with accessory apatite, opaques and 
rare perovskite (C3). Phlogopite and diopside xenocrysts, possibly entrained from 
the ultramafic SPS rocks, are locally abundant. 
C5 comprises dolomite carbonatites, occurring as late-stage dykes and veins. 
Phlogopite-picrites are typically composed of olivine phenocrysts set in a fine-
grained groundmass of phlogopite, carbonate, apatite and opaques. Carbonate 
"pockets" in the groundmass suggest a possible segregation of immiscible carbonate 
liquid. 
Low-Cr dykes lack olivine, but may contain phenocrysts of pyroxene, apatite, garnet 
and phlogopite, in a groundmass composed of the same phases plus carbonate and 
opaques. Carbonate ocelli and sudden changes in the optical properties of some 
minerals suggest that these rocks have been involved in liquid immiscibility 
processes. 
Metasomatic effects associated with the Tapira complex comprise the formation of 
aegirine- and feldspar-bearing fenites in the quartzite country rock, and various 
reactions between carbonatites and the silicate rocks of the SPS. 
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I I I . l - INTRODUCTION 
This chapter describes the chemical composition of some of the mineral phases 
in Tapira rocks. The mineralogy of carbonatites and associated silicate rocks is varied 
and complex, and the detailed study of all minerals identified in thin section goes far 
beyond the scope of this thesis. Instead, this study was concentrated on those minerals 
occurring as essential phases in a range of Tapira rocks, from wehrlites to syenites and 
carbonatites, with a view to identifying and monitoring magmatic processes involved in 
the genesis of Tapira rocks. Among the major mineral constituents of both carbonatites 
and silicate rocks, apatite is the only phase not included in this study. Apatite, together 
with rare accessory phases, such as pyrochlore and zirconolite, is part of current research 
in progress. The following sections of this Chapter will discuss the mineral chemistry of 
olivine, clinopyrbxene, mica, perovskite, opaque minerals, garnet, feldspar and 
carbonates from the Tapira complex. 
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I I I . 2 - OLIVINE 
Olivine is present in dunites and wehrlites of the sihcate plutonic series (SPS), in 
phlogopite-picrite dykes and as xenocrysts in carbonatitic breccias from the Tapira 
mine. This mineral is notably absent from the bebedourites and low-Cr dykes. At the 
relatively weathering-free level reached by the drilling works, bebedourites are by far 
the most abundant rock-type, whilst wehrlites are rare and dunites very rare. Only 
hydrothermally altered samples of dunite were found in the drill cores examined during 
this research, and these were not considered for whole-rock or mineral chemistry 
studies. Therefore, the following discussion will be based solely on the olivines,from in 
wehrlites and phlogopite-picrites. The ranges and average composition of the studied 
olivines are presented in Table in.2.1. ,The complete set of analyses and calculated 
formulas are given in Appendix 2. 
Wehrlites Phlogopite-picrites 
Average Range Average Range 
Si02 40.10 39.57-40.55 39.97 38.98-40.72 
Ti02 0.02 0.00-0.09 0.03 0.00-0.12 
AI2O3 0.01 0.00-0.07 0.01 0.00-0.21 
FeO 12.46 11.58-13.87 11.54 9.48-16.55 
MnO 0.82 0.53-1.02 0.16 0.07-0.34 
MgO 46.03 44.94-47.08 46.98 42.93-48.78 
CaO 0.46 0.13-0.70 0.16 0.02-0.50 
NiO 0.09 0.00-0.22 0.31 0.03-0.52 
Cr203 0.01 0.00-0.04 0.05 0.00-0.20 
Table 111.2.1 - Averages and compositional ranges of olivine (in wt % oxide) from Tapira wehrlites 
and phlogopite -picrites. 
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Olivine composition can be described in terms of the end-members forsterite 
(Mg2Si04) fayalite (Fe2Si04) and tephroite (Mn2Si04). Ca substitution results in the 
monticelhte (CaMgSi04) - kirschsteinite (CaFeMgSi04) series, although the pure 
kirschsteinite end-member does not occur naturally (Deer et al. 1992). 
The range of ohvine compositions in Tapira is relatively narrow, particularly in 
terms of major elements. The forsterite content of the studied grains varies from 84.2 to 
86.9 mol % in the wehrhtes, spanning a shghtly wider interval (81.6 to 89.8 mol %) in 
phlogopite-picrites. 
The observed forsterite contents in the least evolved phlogopite-picrite olivines 
are only marginally lower than the range of mantle olivines (89 - 92 mol %; 
Kostopoulos, 1991), suggesting that these rocks may correspond to primitive magmas. 
An attempt was made to correlate the composition of olivines from phlogopite-wehrlites 
with the bulk rock contents of FeO and MgO. Roeder and Emslie (1970) concluded that 
the partition coefficient Kd, defined as: 
should equal 0.3 for olivine crystallised in equilibrium with basaltic liquid. Figure in.2.1 
illustrates the variation of the calculated Kd for the studied phlogopite-picrite samples, 
assuming that their bulk compositions truly represent the magmatic liquids from which 
the olivines crystallised. 
It can be observed from Figure III.2.1 that more than 80% of the calculated Kds 
are between 0.25 and 0.35, which suggests that the olivine crystallised in equilibrium 
with a hquid that is compositionally equivalent to the phlogopite-picrite dykes. The 
tailing towards higher Kd values in the histogram may be explained by the internal Fe-
Mg variation of olivine crystals or, alternatively, by olivine accumulation in some dykes 
due to flow-differentiation (see Chapters I and 11). Although the calculations suggest that 
the olivine phenocrysts are the product of equihbrium crystallisation, they must be 
viewed with caution, since the magmatic system in alkaline-carbonatite complexes is 
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substantially different f rom that of basalts and variables such as oxygen fugacity and 
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Figure 111.2.1 - Histogram and cumulative frequency of calculated Kd Fe-Mg between 
olivine and the phlogopite-picrite host. 
Obviously, wehrlite olivines cannot be interpreted in the same way, since the 
host rocks are cumulates and therefore do not represent magmatic liquids. However, the 
high forsterite content of these olivines still suggests that they crystallised in equilibrium 
with a primitive ultramafic liquid. 
CaO, MnO and NiO are always present in noticeable amounts in Tapira olivines. 
The sum of the corresponding end-member mole fractions can reach up to 2.7 mol % in 
some individual grains. 
MnO correlates negatively with the forsterite content in phlogopite-picrite 
olivines (Figure in.2.2). This is interpreted as the result of sympathetic behaviour of Fe 
and M n . On the other hand, wehrlite olivines have distinctively higher MnO contents, 
but these are only poorly correlated with the percentage of the forsterite end-member, 
suggesting that manganese solubility in olivines from the two rock types is controlled by 
different processes. Also plotted in Figure in.2.2 are three analyses of olivine xenocrysts 
in carbonatite breccia. Despite the reduced number of analyses, a great variation in 
forsterite content is observed, suggesting that the xenocrysts originated from different 
sources (although probably all f rom within the SPS). 
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Figure III.2.2 - MnO wt. % variation with forsterite (mol %) in Tapira olivines. 
The relatively high CaO content in Tapira ohvines (Table in.2.1, Figure in.2.3) 
may be a result of the interaction of oHvine with carbonatite or residual carbonatitic 
liquid. Experimental work by Brenan and Watson (1991) demonstrated that olivines in 
equilibrium with carbonatite liquids show an increase in the forsterite component and 
contained up to 0.5 wt. % CaO. Dalton and Wood (1993a) also reported up to 0.81 wt % 
CaO in olivine crystallised at 15 kb and 1150 °C, and established a positive correlation 
between the calcium content of olivine and that of the associated carbonatite liquid. This 
process is likely to have affected olivine in the phlogopite-picrite dykes, since the 
abundance of groundmass carbonate indicates that the residual liquid was carbonate-rich 
and may thus have reacted with olivine to produce the observed CaO-enrichment. 
The exceptionally CaO-rich olivines of the wehrlites are, apparently, more 
diff icul t to reconcile with this model; there is very little or no interstitial carbonate in 
these rocks, that could indicate the existence of a carbonate-rich residual liquid. Such 
liquid could of course have been removed from the system or, alternatively, olivine may 
have originally crystallised from a relatively carbonate-rich liquid, and then removed 
f rom this system as cumulus crystals. In their compilation of analyses of igneous 
olivines, Simkin and Smith (1970) suggest a strong relation between pressure and the Ca 
content of olivine, with extrusive and shallow intrusive rocks containing olivine that has 
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distinctively higher Ca than deep-seated plutonic rocks. This may suggest that the 
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Figure III.2.3 - CaO wt % variation with mole % of forsterite in Tapira olivines 
up to 0.5 wt % NiO may be present in Tapira olivines. Nickel correlates 
positively with the forsterite content, and is higher in the phlogopite-picrites than in the 
wehrlites (Figure in.2.4). Such high NiO contents are considered a common feature of 
olivines crystallised f rom ultrapotassic magmas (e.g. Davis and Smith, 1993; Mitchell 
and Bergman, 1991; Mitchell, 1995). The high-Ni contents of the primitive magma may 
be linked with the substantially depolymerised character of the partial melts in the 
mantle, promoted by high potassium and volatile contents (Davis and Smith, 1993, and 
references therein). Highly depolymerised partial melts would tend to incorporate higher 
amounts of nickel than normal, due to a reduction in the olivine/melt Ni partition 
coefficient. 
In the scenario proposed by Davis and Smith (1993) the crystallisation of 
phlogopite would substantially remove potassium and volatiles f rom the magma, 
increasing its polymerisation and consequently favouring the solubility of Ni in the 
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crystallising olivine. The authors regard the effects of oxidation as a subject of 
controversy. However, i f any, the effect of increasing oxygen fugacity would be to 
increase the solubility of N i in olivine. Thus, the crystallisation of the phlogopite-
picrites under higher / O 2 than the rocks of the SPS (see discussions later in this 






A phlogopite -picrites 
X xenocrysts 
A A^ 
A A A V . A A 
'A A • 1 A 
- ^ 4 
I i i ^ , f I \ \ U - J \ \ L 
80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 
forsterite (mol %) 
Figure III.2.4 - NiO wt. % variation with forsterite content of Tapira olivines. 
On the basis of chemical composition alone, the olivines of phlogopite-picrites 
may be considered more primitive than those of wehrlites, which appears to preclude a 
direct l ink between them by a crystal fractionation process (i.e. wehrlites as the 
cumulate counterparts of the phlogopite-picrite liquids). The alternative explanations for 
this may be: 
89 
J. A . BROD 
a) Olivine fractionated from the phlogopite-picrites accumulated to form dunites. 
These dunitic cumulates could be located either in a deeper level of the SPS or in a 
separate magma chamber, deeper in the crust. 
b) Olivines in phlogopite-picrites and wehrlites represent different batches of 
magma, in a multi-stage process of differentiation and magma chamber replenishment. 
c) The higher forsterite content of phlogopite-picrite olivines is a product of Fe-
M g exchange with the liquid (e.g. Brenan and Watson, 1991). Experimental work by 
Watson (1991) demonstrated that the diffusivity of iron in synthetic dunites (at 10 kb 
and 900-1300 °C) is far higher in the presence of carbonate melt (in that particular case 
Na2C03) than in the presence of basaltic melt or H2O-CO2 fluids. 
In any case, i t is likely that the slowly-cooling plutonic rocks would have 
opportunity to re-equilibrate at low temperature, and olivine is probably more 
susceptible to compositional changes than pyroxene. Recent studies by McBimey (1998) 
demonstrated that trace-element contents of individual minerals in coarse-grained mafic 
rocks are not necessarily related to liquid composition. 
86 87 88 
forsterite mol % 
Figure III.2.5 Chemical variation of pairs of core-rim analyses in Tapira olivines. 
Cores are represented by solid symbols and rims by open symbols. Arrows (solid = 
phlogopite-picrites, dashed = wehrlites) point to rim composition. Circles = 
phlogopite-picrite olivines, squares = wehrlite olivines. 
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III.2.1. ZONING 
Most olivine grains show some internal compositional variation, although this 
does not necessarily reflect magmatic processes. Normal, inverse, and irregular zoning 
are observed, sometimes in the same thin section, denoting a complex evolution for 
olivine in the Tapira Complex. The variation of NiO (wt. %) and mol % forsterite in 
pairs or rim-core analyses is illustrated in Figure in.2.5. Whilst NiO usually decreases 
f rom core to r im (except for two of the wehrlite olivine rim-core pairs in Figure in.2.5), 
the forsterite content may either decrease (normal zoning) or increase (inverse zoning). 
In most olivines f rom phlogopite-picrites, NiO correlates positively with the mole 
fraction of forsterite, which is the expected behaviour in igneous olivines. On the other 
hand, a small number of oHvines in phlogopite-picrites, and most olivines from 
wehrlites, show a negative correlation between NiO and forsterite, which results from 
increasing forsterite content towards the rims. 
Figure ni.2.6 shows two microprobe traverses across olivine grains in a single 
thin section of phlogopite-picrite (sample at013). Column A represents olivine with 
normal zoning, whereby MgO, NiO decrease and FeO, CaO increase towards the rim. 
MnO is highest in the core, decreasing initially and later increasing towards the rim. 
Column B shows a profile across a relatively larger olivine grain (compare horizontal 
scales) that is inversely zoned with respect to FeO and MgO, highly variable in MnO 
and NiO, and normally zoned in terms of CaO. This type of olivine seems to have 
undergone a more complex evolution, probably involving extensive resorption and/or 
diffusion processes and may have a xenocrystic origin. 
Dalton and Wood (1993b) concluded that the partitioning of Fe and M g between 
carbonate and olivine under mantle conditions is a function of the Ca content in 
carbonate; the higher the concentration of Ca in carbonate the more magnesian the 
olivine. I f their conclusions are applicable at lower crustal pressures, where the Tapira 
complex is thought to have formed, a similar process could be responsible for the 
increase in forsterite content of olivine grains, by re-equilibration with the calcite-rich 
groundmass in the phlogopite-picrite dykes. 
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Figure III.2.6 - Microprobe profile in olivine grains from phlogopite-picrite sample at 013. 
Horizontal scales are in microns. Oxides in wt. %. See text for discussion. 
Alternatively, Roeder and Emslie (1970) demonstrated that the Fe/Mg ratio of 
olivine in basaltic liquids is affected by oxygen fugacity. Higher oxygen fugacity wi l l 
increase the ferric/ferrous iron ratio of the magma, leaving less ferrous iron available 
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and, consequently, crystalhsing a more magnesian olivine. Unfortunately, the magmatic 
system in Tapira is substantially different f rom a basaltic magma and a direct 
application of their results to Tapira rocks is not warranted. However, several lines of 
evidence suggest that the crystallisation history of the Tapira complex was marked by 
dramatic variations in / O 2 and that at some stages substantial amounts of Fe"''^  were 
available in the liquid (see for example section III.4 - Phlogopite). Oxygen fugacity may, 
therefore, have played an important role in the observed olivine zoning patterns. 
Dalton and Lane (1996) pointed out that microprobe analyses of CaO near the 
borders of olivine grains adjacent to Ca-rich phases may be affected by secondary X-ray 
fluorescence, over distances of up to 70 microns, resulting in artificially high CaO 
results. However, the width of the calcium-rich rims of Tapira olivines (up to 200 
microns) is diff icul t to explain by this effect alone, indicating that interaction with the 
carbonate-rich residual liquid is likely to have taken place. 
The compositional ranges observed in Tapira olivines are similar to those 
reported for ultramafic plutonic rocks f rom other APIP complexes, such as Salitre I and 
Salitre n (Mariano and Mitchell, 1991) and Catalao (Araujo, 1996). Some of the 
observed features, such as relatively high CaO and MnO have been considered (Caspar 
et al. 1998) as typical of carbonatite ohvines. 
III.2.2 - SUMMARY 
• The composition of Tapira olivines suggests that they crystallised from primitive 
ultramafic hquids and in the phlogopite-picrites the ohvines seem to be compositionally 
in equilibrium with the host dykes. 
• Ohvines f rom wehrlites and phlogopite-picrites show substantial differences in 
composition. Ohvine in the slowly-coohng wehrlites is likely to have had enough time 
to re-equilibrate at low temperatures. Alternatively, the wehrlites may have formed from 
a l iquid that was somewhat more evolved than the phlogopite-picrites. 
• The high NiO content of Tapira ohvines is similar to that observed in olivines from 
other types of ultrapotassic rocks. 
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I IL3 - C L I N O P Y R O X E N E 
Chnopyroxene has widespread occurrence in the Tapira silicate plutonic series 
(SPS). It is an essential constituent of bebedourites but is also present in wehriites and, 
less often, in syenites. Pyroxene xenocrysts were recognised in sovites of the C3 
intrusion (northern margin of the complex) and in carbonatite breccias f rom the Tapira 
mine, but this mineral was not found in any of the other carbonatite bodies ( C I , C2, C4 
and beforsitic C5 dykes). Among the dyke rocks, pyroxene is rare in the phlogopite-
picrites and common in the low-Cr dykes. Finally, it may be present as a metasomatic 
phase in the fenites surrounding the complex. 
The classification of pyroxenes adopted in this work is after Morimoto et at. 
(1988). The complete set of microprobe analyses and structural formulae can be found 
in Appendix 2. The formulae were calculated on the basis of 4 cations and 6 oxygen and 
the Fe^^/Fe^^ ratios were estimated by charge balance. Where relevant, octahedral and 
tetrahedral positions w i l l be indicated in the text by the superscripts and 
respectively 
III .3 .1 - COMPOSITIONAL VARIATION OF PYROXENES 
The general formula of pyroxenes is M2MIT2O6 where M 2 and M l designate 
cations in distorted and regular octahedral co-ordination, respectively, whilst T 
identifies tetrahedrically co-ordinated cations. A number of cation substitutions are 
possible in the pyroxene formula, the main occupancy priorities are as follows 
(Morimoto et al, 1988): 
Tetrahedral site (T) S i ' ^ > A l ' ^ > F e ' ^ 
Octahedral site ( M l ) k?^ > Fe'^ > T i ' ^ > Cr'^ > V ' ^ > T i ' ^ > Z/^ > Sc'^ > Zn'^ > 
M g ^ % F e ^ ^ > M n ^ ^ 
Octahedral site (M2) Mg^^ > Fe^^ > Mn^^ > L i ^ > Ca^^ > Na^ 
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The two most common types of pyroxene sohd solution series occurring in 
alkaline-carbonatite complexes are the series diopside (CaMgSi206)-hedenbergite 
(CaFeSi206), and (diopside, hedenbergite)-aegirine (NaFe^^Si206). The former is 
characterised by the standard Fe-Mg substitution, at relatively constant Ca, whereas the 
latter is defined by Fe^ "*" and Na enrichment. 
Tetrahedral deficiency occurs when the sum of Si and ^^^Al is less than 2 (on the 
basis of 4 cations and 6 oxygen) and must be compensated for by the allocation of 
adequate amounts of alternative cations to tetrahedral positions. ^^^Fe^^ (Morimoto et 
al, 1988) and ^^^Ti^"" (Cundari and Salviulo, 1989; Carborin and Princivalle, 1996) have 
been suggested as possible alternatives. 
The presence of titanium in pyroxenes is controlled by substitutions such as 
^^^Ti^^^Al2-MgSi2, or ^^^Ti'^^-Si. Based on a study of natural diopsides from New South 
Wales leucitites, Cundari and Salviulo (1989) noted that T i and A l solubility in 
pyroxene increases, but the (^ ^xi'^ V^^ ^Al ratio decreases with progressive differentiation. 
They suggest that T i enters the tetrahedral site preferentially at higher temperatures 
whereas octahedral T i is the preferred form at lower temperatures. They also conclude 
that increasing /O2 favours the partition of T i to pyroxene instead of Fe-Ti oxides. 
Ti02-enrichment in evolved (sodic) pyroxenes has been described in ultrapotassic rocks 
(Sgarbi and Valen9a, 1994), nephehne-syenites (Nielsen, 1979), fenites and 
hydrothermal veins (Ranlov and Dymek, 1991). Caspar (1989) reported up to 14 wt. % 
Ti02 in pyroxene f rom fenites in the Jacupiranga carbonatite complex. Finally, a 
peculiar variety of aegirine containing up to 7 wt. % Zr02 has been described by Jones 
and Pecket (1980) in nepheline syenites f rom Motzfeldt (South Creenland). 
During the early stages of differentiation of alkaline magmas, diopsidic pyroxene 
evolves along a path of progressive enrichment in the hedenbergite end-member. At a 
later stage, this is often followed by Fe^^- and Na-enrichment, which drives the 
pyroxene composition away f rom diopside-hedenbergite series and towards the aegirine 
end member. The moment at which aegirine enrichment becomes significant varies 
substantially between different localities and types of alkaline magmatism (e.g. Piatt, 
1996b; Mitchell and Vladykin, 1996). In some cases the onset of aegirine enrichment 
does not occur until the pyroxene reaches a composition of nearly pure hedenbergite 
(e.g. Ilimaussaq, Larsen, 1976). At the other extreme, pyroxenes f rom the ultrapotassic 
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complex of Little Murun, Russia (Mitchell and Vladykin, 1996) form a complete series 
of solid solutions f rom diopside to aegirine, at constantly low (< 15 mol %) 
hedenbergite. 
The diopside-hedenbergite section of the trend is generally regarded as a product 
of magmatic evolution but the interpretation of aegirine enrichment is somewhat 
controversial. Morbidelli et al. (1995b) found that Fe- and Na- enrichment in pyroxene 
correlates with fractionation in Brazilian alkaline and alkahne-carbonatite districts, 
although they emphasise the lack of aegirine-rich pyroxene in areas where the most 
evolved rocks are of sodic composition or have agpaitic index < 1.1 (Tunas and Juquia 
complexes, respectively). On the other hand, Caspar (1989) interpreted the Na and Fe 
enrichment in Jacupiranga as a result of post-magmatic processes. The same 
interpretation is favoured by Araujo (1996) for the complex of Catalao. 
According to Barker (1996) carbonatite clinopyroxenes typically vary from 
CaMgSi206 to NaFeSi206 but, similarly to phlogopite and ohvine, they often show 
textural evidence of disequilibrium with the carbonatite liquids, suggesting a 
xenocrystic origin. 
III .3 .2 - TAPIRA CLINOPYROXENES 
Most pyroxenes in Tapira have some amount of tetrahedral deficiency (i.e. Si -i-
*^^ ^A1 < 2). Figure in.3.1 shows that there is a poor correlation between Si and ^'^^Al, 
especially below Si ~ 1.95 p.f.u., when the trend clearly departs from the 1:1 
substitution line. As A l is very low (always less than 0.1 p.f.u.), the addition of some 
other cation is required, in order to f i l l the tetrahedral site to the stoichiometric value of 
2. Ti"^^ - I - ^^^Al correlate reasonably well with Si, varying along the 1:1 substitution line. 
Fe^+ + (IV)AI also show some degree of negative correlation with Si, although most of 
the trend does not f i t the substitution line. It must be stressed, however, that the A Fe"^ "^  
parameter plotted in Figure in.3.1 is calculated as Fe^^ - Na, assuming an ideal 
compensation of octahedral Fe^^ by Na in the aegirine molecule. The values are also 
subjected to uncertainties in the estimation of the Fe '^^ /Fe^^ ratio. In any case, the good 
negative correlation between ^^^Al-i-Ti and Si suggests that the substitution of ^^^Ti"^"^ for 
Si, as proposed by Cundari and Salviulo (1989), plays a significant role. According to 
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2.0 
Si 
Al + Ti 
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•0.2 •0.1 0.0 '^^ ^Al + AFe'" 0.2 
Figure 111.3.1 - Si, ^^^A/, Ti and AFe^'^ (= Fe^* - Na) variation in Tapira pyroxenes, in atoms per 
formula unit (p.fu.). Note that ^^U/ is poorly correlated with Si. The sum of^^Al and Si is not 
enough to fill the tetrahedral deficiency in most cases. The sum of ^^^Al and Ti shows the best 
correlation with Si. Dashed lines represent 1:1 substitutions. Solid-line polygon encloses analyses of\ 
fenite pyroxenes. 
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Carborin and Princivalle (1996), ^^^Ti^^ is a typical feature of pyroxenes from potassic 
alkaline rocks. 
Some analyses form a separate group, detached f rom the main trend in Figure 
I I I .3 .1 . These comprise metasomatic pyroxene in fenites, and they are characterised by 
virtually no tetrahedral deficiency. In fact, some of these analyses show Si in excess of 2 
p.f.u. 
Wehrl i te 
(B1) 
Bebedour i te 
(B1) 
Bebedour i te 
(B2) 





S iO , 54.50 52.42 53.66 51.08 51.32 51.19 53.91 
T i O , 0.43 1.04 0.40 0.85 0.85 0.20 0.95 
0.46 0.85 0.59 1.03 1.30 0.55 0.82 
FeO 0.93 1.59 4.01 2.92 5.88 7.29 4.12 
F e , 0 , 1.47 2.62 2.64 3.38 5.65 13.69 13.47 
0.07 0.06 0.15 0.09 0.14 0.08 0.13 
M n O 0.10 0.12 0.27 0.17 0.32 0.54 0.40 
NiO bd bd 0.08 0.04 0.04 bd bd 
M g O 17.10 15.93 14.45 14.19 11.45 5.60 7.62 
C a O 25.24 24.64 23.84 23.67 22.32 14.56 12.64 
N a , 0 0.37 0.42 0.84 0.66 1.49 5.37 6.69 
K , 0 bd bd bd 0.02 bd bd bd 
Total 100.67 99.69 100.92 98.11 100.75 99.06 100.73 
Tet rahedra l cat ions 
Si 1.970 1.931 1.967 1.928 1.920 1.983 2.006 
Al 0.020 0.037 0.026 0.046 0.057 0.017 
S u m T 1.990 1.968 1.993 1.974 1.977 2.000 2.006 
Octahedra l cat ions 
Al 0.008 0.036 
Ti 0.012 0.029 0.011 0.024 0.024 0.006 0.027 
Fe^^ 0.040 0.073 0.073 0.096 0.159 0.399 0.377 
Fe^^ 0.028 0.049 0.123 0.092 0.184 0.236 0.128 
Mg 0.922 0.874 0.790 0.798 0.638 0.323 0.423 
Mn 0.003 0.004 0.008 0.005 0.010 0.018 0.012 
Cr 0.002 0.002 0.004 0.003 0.004 0.003 0.004 
Ni 0.002 0.001 0.001 
Ca 0.978 0.972 0.936 0.957 0.895 0.604 0.504 
Na 0.026 0.030 0.059 0.048 0.108 0.404 0.483 
K 0.001 
S u m M 2.011 2.033 2.006 2.025 2.023 2.001 1.994 
Table 111.3.1 - Representative analyses of clinopyroxenes from Tapira. (bd = below detection). Formulas 
calculated on the basis of 6 oxygens. Fe203 calculated by charge balance. 
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Representative analyses of pyroxene in each rock type are given in Table in.3.1. 
Figures in.3.2 to in.3.4 provide the framework for the classification of clinopyroxenes 
according to Morimoto et al. (1988). 
Figure in.3.2 shows the general group to which the pyroxene belongs (i.e. Ca-
Mg-Fe "quadrilateral" pyroxene, Ca-Na pyroxene, Na-pyroxene or "other"). The 
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Figure III.3.2 - Q-J diagram for the classification of pyroxenes (after Morimoto et al., 1988). 
parameters "Q" and "J" used in Figure in.3.2 are defined as Q = Ca + M g + Fe^ "*" and J = 
2Na (Morimoto et al., 1988). SPS pyroxenes are not discriminated by rock-type in the 
Figure, but cluster in two separate groups. Those from ultramafic rocks plot in the Ca-
Mg-Fe ("Quad") pyroxene field and must be more accurately classified with the use of 
the diagram in Figure in.3.3. Pyroxenes from syenites and fenites plot in the Ca-Na 
pyroxene field, and are further classified in Figure III.3.4. Pyroxenes from phlogopite-
picrites are similar in composition to those of the ultramafic rocks of the SPS, but 
analyses of pyroxene f rom low-Cr dykes span a wider variation range, gradating towards 
the Ca-Na pyroxene field. Analyses of fenite pyroxenes plot above the Q+J = 2 line, 
which is a relatively uncommon feature in pyroxenes (Morimoto et al., 1988). Note that 
there is a substantial composition gap between the clusters of analyses in the Ca-Mg-Fe 
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(quad) and Ca-Na fields, the only exception being the few analyses of a xenocrystic 
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Figure 111.3.3 - Classification of Tapira pyroxenes in the pyroxene "quadrilateral" (after Morimoto et 
al., 1988). Only the "quad" pyroxenes from Figure 111.3.2 are shown. Note the progressive evolution 
from diopside towards hedenbergite enrichment in the SPS ultramafic rocks (from wehrlites to 
bebedourites) and the more evolved character of pyroxene in the low-Cr dykes. Shaded field in the top 
diagram includes all Ca-Fe-Mg pyroxenes from the complex. 
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Figure in.3.3 shows the classification of pyroxene in terms of the wollastonite, 
enstatite and ferrosilite end members. The least evolved pyroxenes in SPS occur in 
wehrlites and plot close to the ideal diopside end-member composition. Pyroxenes from 
B l and B2 bebedourites show progressively higher contents of the hedenbergite end-
member. Although mostly restricted to the diopside field, the pyroxenes from low-Cr 
dykes show the highest hedenbergite component amongst the Ca-Fe-Mg pyroxenes in 
Tapira. Xenocrystic pyroxenes in C3 carbonatites are closest in composition to those of 
bebedourites (B2) 
W E F 









Figure 111.3.4 - Classification of Na-Ca pyroxenes from Tapira (after Morimoto et al., 1988). For 
classification of the "Quad" pyroxenes see Figure 111.3.3. Symbols as in Figure 111.3.2. 
Figure III.3.4 shows the classification of Ca-Na pyroxenes. A l l Ca-Na pyroxenes 
f rom Figure III.3.2 plot in the field of aegirine-augite, reaching a maximum of 53 mol % 
of the aegirine molecule. This variety of pyroxene is typical of the Tapira syenites and 
fenites. In the majority of Tapira pyroxenes the jadeite component is virtually non-
existent, reflecting the very low A l contents. 
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Silicate plutonic series (SPS) 
Although individual grains show little zoning, a progressive chemical variation 
is observed in pyroxene within the SPS. Average pyroxene compositions by rock type 
are shown in Figure in.3.5. Note that, although the main rock groups of SPS are ordered 
in a progressive differentiation sequence, the vertical scales of the diagrams are 
arbitrary. For instance, the syenites should ideally be separated from the B l bebedourites 
by a distance much greater than that between B l and B2, i f a proportional scale was to 
be used. The evolution of the ultramafic rocks is reflected in clinopyroxene composition 
by decreasing Si02, MgO, CaO, and increasing FeO, MnO, NaiO. Average TiOj and 
AI2O3 compositions (not included in Figure III.3.5) are slightly lower in the syenites 
than in wehrlites and bebedourites, but do not show significant variation within the 
ultramafic rocks. Other oxides such as Cr203 and NiO are very low and do not appear to 
vary significantly with differentiation. CriOs is always lower than 0.2 wt. %, whilst NiO 
rarely exceeds 0.1 wt. % and is often below the microprobe detection limit. 
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Figure 111.3.5 - Average (solid circles) composition, by rock type, of SPS pyroxenes. The error 
bars represent ±one standard deviation. All displayed elements show a progressive variation 
that is consistent with magmatic differentiation, although the extreme composition of syenite 
pyroxenes suggests that part of the fractionation sequence is missing. Horizontal scales are 
wt.% oxide. FeO(t) = total iron calculated as FeO. Vertical scales are arbitrary. 
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Despite the arbitrary nature of the vertical scales in Figure in.3.5, a 
compositional gap between the pyroxenes from ultramafic rocks and syenites is evident 
for all elements except Si02. This feature results from the lack of intermediate 
differentiates between the two groups. In fact, neither feldspar-bearing mafic rocks nor 
mesocratic syenites were found during the present research. It must be stressed, 
however, that most of the sampling in Tapira was restricted to within the few metres 
reached by drilling beneath the weathered cover. Samples above this level are too 
weathered for chemical studies, and the portions below are obviously unreachable. 
Thus, intermediate rocks may be present but not be readily accessible. 
Alternatively, i f the Tapira complex is the product of a series of multiple 
injections of magma and/or crystal mush (as indicated by the field and drill-core 
evidence, see Chapter I), rather than a layered sequence of cumulates, it is most likely 
that the missing terms in the sequence were emplaced at different depths. Some of the 
pyroxene xenocrysts in carbonatite breccias have optical and chemical properties that 
are intermediate between those of the bebedourites and syenites, strongly supporting the 
concept that the intermediate rocks did form but the intrusions did not reach the same 
levels as other SPS rocks. 
Figure III.3.6 illustrates the variation of SPS pyroxenes in terms of Ti and Al. 
Although the concentration of both elements is very low in Tapira clinopyroxenes, there 
seems to be a sympathetic variation between them in the SPS. The Al/Ti ratio of most 
pyroxenes varies between 1:1 and 3:1, apparently increasing with differentiation. Thus, 
pyroxenes of wehrlites and B l bebedourites are mostly contained in the envelope 
defined by the Al/Ti ratios of 1:1 and 2:1, whereas B2 bebedourites and syenites seem to 
f i t better with a 2:1 or slightly higher ratio. 
According to Cundari and Salviulo (1989), the Ti solution in pyroxenes plotting 
above the 2:1 line in Figure in.3.6 (in this case most of wehrlites and B l bebedourites) 
does not involve the CaTiAlaOe component and, consequently, is likely to result from 
Si-Ti tetrahedral substitution. They argue that this type of substitution is favoured at 
higher temperature, A l being the preferred tetrahedral substitute at lower temperature. 
This is in good agreement with the lower Al/Ti ratio observed in pyroxenes of the least 
evolved Tapira rocks. The aegirine-augite xenocryst from the carbonatite breccia (which 
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otherwise has a composition intermediate between bebedouritic and syenitic pyroxenes) 
plots along a much higher Al/Ti ratio (10:1) in Figure in.3.6. As this xenocryst is 
compositionally less evolved than syenitic pyroxenes, in terms of major element 
constituents, it seems unlikely that the high Al/Ti ratio should result from 
differentiation. Instead, its higher Al content (at roughly the same Ti as the syenitic 
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Figure III.3.6 - Ti and Al (p.f.u.) variation of SPS pyroxenes. Most analyses plot in the envelope 
defined by Al. Ti ratios of 1:1 and 3:1. Analyses of a aegirine-augite xenocryst in carbonatite 
breccia are plotted for comparison. These have Ti similar to the syenites, but much higher Al 
(Al:Ti = 10:1), suggesting that they were formed at higher pressure. 
Dykes 
Figure in.3.7 illustrates the composition of pyroxene in the dykes, compared 
with those in the plutonic rocks of the SPS. Pyroxenes in phlogopite-picrites and low-Cr 
dykes are chemically similar to those in wehrlites and bebedourites, respectively. 
Moreover, in the low-Cr dykes they reach significantly higher hedenbergite and aegirine 
contents than their bebedouritic equivalents. This suggests that wehrlites and 
bebedourites are possible cumulate counterparts of the dykes. Furthermore, the presence 
of more evolved pyroxene in the low-Cr dykes suggest that these rocks may be products 
of fractionation of the phlogopite-picrites. 
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Figure III.3.7 Composition of pyroxene in Tapira dykes in terms ofDiopside (Di), Hedenbergite (Hd) 
and Aegirine (Ae) components. Fields of SPS pyroxenes and aegirine xenocrysts are indicated for 
comparison. The shaded area depicts the probable evolutionary trend of Tapira pyroxenes. 
The combined variation of clinopyroxene in the SPS and in the dykes suggests 
an evolutionary trend as depicted by the shaded area in Figure III.3.7. This starts with 
nearly pure diopside and progresses towards hedenbergite, with moderate aegirine 
enrichment. During this stage, the Hd/Ae ratio remains roughly constant at 2:1. At 
approximately DissHdsoAcis, the trend is suddenly diverted towards aegirine 
enrichment, at nearly constant Di/Hd (~ 3:2). 
Carbonatites 
Carbonatites of the C3 intrusion (northern margin of the complex) and 
carbonatitic breccias occurring in the mining area may contain xenocrysts of 
clinopyroxene. These are normally rounded or show textural evidence of disequilibrium 
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(see Chapter 11), indicating their xenocrystic character. In carbonatitic breccias, the 
occurrence of pyroxenes of contrasting composition, within the same thin section, 
supports this interpretation. The composition of carbonatite pyroxenes is compared with 
those in other rocks in Figure HI.3.8 
Pyroxenes included in C3 carbonatites are chemically unevolved and similar in 
composition to those of the ultramafic rocks of the SPS, which is difficult to reconcile 
with the generally accepted notion that carbonatites are some of the latest manifestations 
of the alkaline magmatism. In particular, they are similar to pyroxenes from B2 
bebedourites, with which C3 carbonatites are spatially associated. This geographical 
association and the chemical data strongly suggest that carbonatite pyroxenes in Tapira 
were originally crystallised from an ultramafic silicate liquid, and only later 
incorporated into the carbonatite magma through assimilation of B2 bebedourites (or 
equivalent semi-consolidated cumulates). 
Furthermore, as shown by Figure in.3.8, the xenocrysts in carbonatitic breccias 
cluster in two widely separate groups. One group comprises rare, evolved, dark-green 
pyroxene similar to those in the syenites, whilst the other group is more abundant, 
unevolved, light-green, similar to clinopyroxene in the wehrlites. The latter probably 
consist of crystals assimilated from SPS wehrlites during emplacement of the breccias. 
The former were discussed in previous sections and probably originate from relatively 
less-differentiated syenites that did not reach the same crustal level of the complex. 
Clinopyroxene was not found in any of the other carbonatite occurrences (CI, 
C2, C4 and beforsitic C5 dykes). 
Fenites 
Pyroxenes in fenites form a distinctive compositional group and are compared 
with the magmatic pyroxenes in Figure in.3.8. Similarly to syenite pyroxenes, they are 
aegirine-augites (Figure III.3.4), but can be distinguished from the former by their higher 
Si, Ti and A l (Table m.3.1), lower Hd/Di ratio (Figure m.3.8) and textural properties 
(Chapter E). 
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Figure 111.3.8 - Composition of pyroxene from fenites and xenocrysts from carbonatitic rock, 
compared with the main SPS rock types. Shaded area is the probable pyroxene trend for Tapira 
magmas. 
III.3.3 - COMPARISON WITH OTHER ROCK-TYPES 
Mitchell and Bergman (1991) and Mitchell (1995b) reviewed the composition of 
clinopyroxenes in different types of alkaline rocks. The main characteristics of each type 
can be summarised as follows: 
• Pyroxene in orangeites is rarely zoned and shows little variation between different 
localities. It usually has ^^^Al-deficiency, leading to '^^ F^e^ ^ substitution, and follows 
an evolution trend from Fe-Al-Cr-poor diopside towards late-stage Ti-aegirine. Most 
orangeite pyroxenes do not show appreciable enrichment in the hedenbergite 
molecule with evolution. 
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• Lamproite pyroxenes are typically A l - and Na-poor diopside. They are similar to 
those in orangeites, but do not show the late-stage Ti-enrichment observed in the 
former. 
• Pyroxenes from minettes and ultramafic lamprophyres are Al-rich, with the latter 
being also enriched in Ti. 
• Pyroxenes from meliUtites are typically diopsides with high Ti02 (1-5 wt %), high 
AI2O3 (1-10 wt %) and very low Na20 (< 1 wt %) . They vary within the solid 
solution series diopside - CaTiAhOe - CaAl(Al,Si)206 (Mitchell, 1996b). 
• Kamafugitic pyroxenes are considerably richer in Ti02 and AI2O3 than those of 
orangeites and lamproites. However, the APIP kamafugites (Mata da Corda) differ 
from kamafugites elsewhere, in that their pyroxenes are remarkably Al-poor. 
According to Sgarbi and Valen9a (1994), these vary from diopside to Al-poor 
(always < 0.5 wt.% AI2O3), Ti-rich (2.7 - 8.43 wt.% Ti02) aegirine-augite. 
Pyroxenes of plutonic alkaline complexes have also been the subject of recent 
studies and reviews: 
• According to Piatt (1996b), in agpaitic nepheline-syenites the clinopyroxene initially 
evolves from diopside towards hedenbergite, becoming enriched, in the aegirine 
molecule during the later stages. The onset of aegirine enrichment from a diopside-
aegirine trend depends on the combined effects of temperature, oxygen fugacity and 
liquid composition, whilst silica activity does not seem to play a significant role. 
• Pyroxenes from plutonic rocks of the ijolite series, commonly associated with 
carbonatite, follow evolutionary trends similar to those of the nepheline syenite 
complexes, albeit with less extreme hedenbergite enrichment (Piatt, 1996a). 
• In ultrapotassic plutonic complexes, pyroxene does not show the same strong 
hedenbergite-enrichment that is observed in their sodic equivalents. An extreme 
example is described by Mitchell and Vladykin (1996) in the Little Murun complex 
(Russia), where pyroxene evolves directly from diopside to aegirine, the complete 
solid solution having formed at very low ( < 15 mol %) hedenbergite. However, they 
consider Little Murun as an unique example, since other potassic complexes in the 
region show moderate hedenbergite enrichment. 
Clinopyroxene compositions from the APIP complexes are still scarce, except 
for the Catalao complex, which was studied in detail by Araujo (1996). The range of 
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major-element variation in pyroxenes from Catalao is essentially the same as in Tapira, 
but aegirine-augite is interpreted as a product of non-magmatic processes. Similarly to 
Tapira, pyroxenes from Catalao are Ti- and Al-poor, the maximum figures reported by 
Araujo (1996) being 1.54 wt % Ti02 and 1.18 AI2O3. Mariano and Mitchell (1991) 
describe diopside from pyroxenites of the Salitre I and n complexes, with end-member 
proportions similar to to those from Tapira and Morbidelli et al. (1995a) reported low 
AI2O3 (< 1 wt.%) and Ti02 (< 3 wt.%) in pyroxenes from the Salitre I and Salitre H 
complexes. Unfortunately neither provide complete analyses of Salitre pyroxenes. 
High-Zr aegirines, such as those described by Jones and Pecket (1980) were not 
found in Tapira. Those authors suggest that the factors controlling the formation of 
high-Zr aegirine are high peralkalinity, low CaO, low /O2 (below the QFM buffer) and 
the absence of other Zr-bearing phases. In Tapira such conditions are not fulfilled, since 
the.magmas are Ca-rich and the aegirine-bearing syenites contain accessory zircon. 
Figure in.3.9 compares Tapira pyroxenes with those from various alkaline 
complexes, in terms of the diopside-hedenbergite-aegirine end-members. Tapira 
pyroxenes do not show the extreme hedenbergite enrichment of some sodic complexes, 
such as Ilimaussaq, but also do not fit with the Hd-poor of the ultrapotassic complex of 
Little Murun. The moderate Hd enrichment in Tapira pyroxenes approximates the trends 
in those of Uganda, Itapirapua (Brazil) and the ultrapotassic complex of Sakun (Aldan 
Shield), although the former two reach higher" levels of aegirine enrichment. The Tapira 
trend is compatible with the overall variation of pyroxenes from Brazilian alkaline 
rocks, envisaged by Gomes et al. (1996b) (not shown in Figure in.3.9). 
Figure in.3.10 compares Ti and Al contents of Tapira pyroxenes with those in 
different types of alkaline rocks. The abundance of both elements in Tapira pyroxenes is 
very low, similar to those of orangeites and lamproites. Both Al and Ti are substantially 
lower than in pyroxenes of kamafugites (other than APIP). The Al/Ti ratio is slightly 
lo\yer than in kamafugite pyroxenes and significantly lower than in pyroxenes of the 
Roman Province-type rocks and potassic alkaline rocks from Paraguay. The Al content 
of Tapira pyroxenes is comparable with those from APIP kamafugites (Mata da Corda 
Formation), but they do not reach the same high levels of Ti-enrichment as the latter. 
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Di Hd 
Figure III. 3.9 - Composition of Tapira pyroxenes (plain shaded field) in terms of the 
Aegirine-Diopside-Hedenbergite end-members. Trends for various alkaline complexes 
(after Mitchell and Vladykin, 1996) are also shown: Little Murun (1); Itapirapud (2); 
Uganda (3); South Qoroq (4); Nandewar (5); Ilimaussaq (6); Sakun (ornamentedshaded 
fields). 
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Figure III.3.10 - Al and Ti composition of Tapira pyroxenes compared with pyroxene in 
various types of alkaline rocks. Fields for orangeite, lamproite, Kapamba, kamafugite and 
Roman Province pyroxenes are from Mitchell and Bergman (1991). The arrow indicates 
the variation of the Mata da Corda kamafugite pyroxenes, based on four analyses 
published by Sgarbi and Valenga (1994). The shaded field represent pyroxene from 
potassic alkaline rocks of the Asuncion-Sapucai graben, Paraguay (Cundari and Comin-
Chiaramonti, 1996) 
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III.3.4 - SUMMARY 
• Clinopyroxenes from the Tapira complex show a trend of compositional variation 
consistent with magmatic differentiation. In ultramafic rocks and dykes they evolve 
continuously from nearly pure diopside towards moderate enrichment in 
hedenbergite and aegirine. At a later stage of magmatic evolution, the aegirine 
component progressively increases at the relatively constant diopside/hedenbergite 
ratio of 3:2. 
• Pyroxenes in carbonatites are interpreted as xenocrystic, on the basis of field, 
petrographic and chemical evidence. Two varieties of xenocrysts were identified, 
one derived from wehrlites and bebedourites of the silicate plutonic rock series, and 
the other probably derived from relatively unevolved syenites that presumably did 
not reach the same crustal level of the Tapira complex. 
• Aegirine-augites of metasomatic origin occurring in fenites are chemically and 
petrographically distinct from those in syenites. 
• The presented chemical data support the field and petrographic evidence for a multi-
stage evolution of the Tapira complex, rather than a single layered sequence of 
cumulates. 
• Tapira pyroxenes show strong similarities to those from other carbonatite-bearing 
complexes and kamafugitic rocks of the Alto Paranafba Igneous Province. They are 
also compatible with the overall chemical trends of pyroxenes in other Brazilian 
alkaline districts, but chemically different from those in the western border of the 
Parana Basin (Paraguay). 
• The composition of the studied pyroxenes is similar to those in orangeites and 
lamproites, and significantly distinct from those in kamafugites and Roman 
Province-type rocks. It should be stressed, however, that pyroxenes of Alto 
Paranafba kamafugites do not match the compositional range of world-wide 
kamafugites either. 
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I I I . 4 - M I C A 
Mica is present in all of the Tapira rock-types and is therefore a crucial mineral 
in the investigation of the petrologic evolution of the complex. The following sections 
will discuss the compositional variation of micas in Tapira and compare them with other 
world-wide occurrences of carbonatites and alkaline rocks. 
The nomenclature of trioctahedral micas used in the remainder of the text is after 
Bailey (1984), with the addition of tetraferriphlogopite (taken as the magnesian 
equivalent of ferri-annite). When relevant, the structural position to which the various 
cations are assigned will be indicated by the superscripts and for tetrahedral and 
octahedral cations, respectively. The ideal end-member compositions (for total cations = 
16) referred to hereafter are given in Table in.4.1. 








Table 111.4.1 - Names and ideal end-member compositions of trioctahedral micas (after Bailey, J984). 
III.4.1 - CHEMICAL VARIATION IN TRIOCTAHEDRAL MICAS 
Although most naturally occurring biotites have octahedral aluminium, and thus 
form a solid solution between the series phlogopite-annite and the series siderophyillite-
eastonite (Deer et al, 1992), this feature is rare in Tapira. In fact, most of the studied 
micas lack ^^^Al completely and many have insufficient Al even to f i l l the tetrahedral 
positions. Therefore, the following discussion will concentrate on the more relevant, 
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low-Al compositions, ranging between phlogopite-annite and phlogopite-
tetraferriphlogopite (Table in.4.1). 
A number of cation substitutions is known to occur in trioctahedral micas 
(Bailey, 1984). The most common cations in the octahedral site are Mg^" ,^ Al^^, Fe^ "^  and 
Fe^ .^ Less frequently Ti"^ "^ , Mn^^, L i^ and Cr^ ^ (among others) can also occupy 
octahedral positions. Tetrahedral cations are primarily Al^^ and Si"^ "^ , although Fe^ ^ can 
substitute for Al^^ - a somewhat common feature in alkaline rocks and carbonatites - and 
some authors have argued for the presence of tetrahedral Ti"^^ (e.g. Farmer and Boetcher, 
1981). The interlayer site is occupied mostly by and Na^, with Ca^ "^  and Ba^ "^  as 
possible substitutes. 
Octahedral substitutions 
Substitution of Fe^ "^  for Mg^^ in the octahedral site defines the phlogopite-annite 
series, and is probably the most common substitution in trioctahedral micas. Fe^ "^  
usually increases with magmatic evolution. In their investigation of phlogopite within 
ultrapotassic rocks from several localities, Edgar and Arima (1983) demonstrated that, 
although phlogopite is systematically more magnesian than the coexisting liquid, there 
is a sympathetic variation between the Mg/(Mg-i-Fe) ratio in the bulk rock and in 
phlogopite. 
In carbonatite liquids, however, this relationship is not so straightforward. 
McCormick and Le Bas (1996) suggested that the Fe/Mg ratio of phlogopites 
crystallised from the Busumbu and Sukulu carbonatites (Uganda) is controlled by the 
co-precipitation of magnetite. They observed an initial decrease in the Fe/Mg ratio in 
zoned phlogopite, as Fe is consumed during the crystallisation of magnetite. When 
magnetite ceases to crystallise the Fe/Mg ratio of phlogopite increases progressively, 
leading towards biotite. They also found Al to decrease in mica, as a result of the 
progressively lower availabihty of this element in the magma, except in the late-stage 
micas when A l was added to the magma via country-rock assimilation. Furthermore, 
Caspar and Wyllie (1987) detected MgO increase with relative age of carbonatite 
intrusions in the Jacupiranga complex (south-eastern Brazil). 
Titanium is an important element in alkaline magmas, and phlogopite from rocks 
such as leucitites, mehlitites and lamproites can be distinctively Ti-rich (Mitchell and 
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Bergman, 1991; Mitchell, 1995a). The solubiUty of Ti in phlogopite may be affected by 
paragenetic and/or physicochemical constraints. According to Edgar and Arima (1983), 
in the absence of Ti-bearing oxides phlogopite is the preferential site for Ti02 in 
liltrapotassic rocks, i f compared with other phases possibly crystallising at the same time 
(such as clinopyroxene and ohvine). However, i f Ti-magnetite or perovskite form 
concomitantly with phlogopite, titanium will partition preferentially to the former two 
minerals, and the TiOz content in phlogopite may approximate that of the 
chnopyroxene. Arima and Edgar (1981) suggested that the solubility of titanium in 
phlogopite is little related to the bulk rock composition, but strongly depends on the 
physical conditions prevailing during crystallisation. According to their review of 
experimental data, increasing temperature, increasing /O2 and decreasing pressure all 
increase Ti solubility in phlogopite. 
Finally, Mn can substitute for Fe^ ^ in the octahedral site. Lalonde et al. (1996) 
described Mn enrichment with Fe/(Fe+Mg) in mica from the Mont Saint-Hilaire 
intrusion (Canada), suggesting that the increase of Mn correlates positively with the 
amount of tetrahedral'Fe^^. 
Tetrahedral substitutions 
Among the possible tetrahedral substitutions, Fe^ ^ <=> Al is by far the most 
important in alkaline rocks and carbonatites. This substitution defines the phlogopite-
tetraferriphlogopite and annite - ferri-annite series, and is commonly indicated by: 
a) strong negative correlation between Fe and Al 
b) deficiency in the sum of the common tetrahedral cations (i.e. Si + ^^^Al < 8) 
c) excess of octahedral charges, caused by overestimated Fe^ "^  from microprobe 
analysis. 
The presence of ^^ F^e^ ^ is related to the reverse pleochroism which is typical of 
tetraferriphlogopite. Even small amounts of ferric iron seem to induce this phenomenon. 
Farmer and Boetcher (1981) described reversely-pleochroic mica with Fe203 as low as 
0.66 wt. % (0.07 ^ ^ W ^ p.f.u.), whilst Araujo (1996) detected a sharp change in the 
(i^)pg3+/(iv)^j ratio, coincident with pleochroism reversal, at 0.5 ^^ F^e^ "^  p.f.u. Additional 
sound evidence for the presence of tetrahedral Fe^ ^ in tetraferriphlogopite is provided by 
Mossbauer spectroscopy studies (Dyar, 1987; Lalonde et al., 1996; Araujo, 1996). 
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^^^Al-deficiency is typical of micas from lamproites and orangeites and has been 
interpreted as a direct consequence of the peralkalinity of the magma (Mitchell and 
Bergman, 1991; Mitchell , 1995b). Low Al concentration in the liquid and/or high 
oxygen fugacity have also been recognised as major inducing factors for the formation 
of tetraferriphlogopite (e.g. Arima and Edgar, 1981; Heathcote and McCormick, 1989; 
Brigatti et al., 1996). Conditions such as these are fairly common in carbonatites, which 
is in good agreement with the frequent occurrence of tetraferriphlogopite in these rocks. 
Nonetheless, Dyar (1987) pointed out that there is Mossbauer spectroscopy evidence for 
tetrahedral iron in both Al-poor and Al-rich micas and Lalonde et al. (1996) reported 
micas with (^ ^Fe^ ^ formed in an Al-rich environment. 
An alternative hypothesis has been proposed to account for tetrahedral 
deficiency, involving ^^^Ti"^^ instead of ^^¥e^^. Farmer and Boetcher (1981) suggested 
that Ti"^ "^  comes before Fe^ ^ in the order of preference to occupy tetrahedral positions, 
with Fe^ ^ entering the tetrahedral site only i f there is still deficiency left. 
Tetraferriphlogopite has often been linked with post-magmatic processes 
(Araujo, 1996; Zaitsev and Polezhaeva, 1994; McCormick and Heathcote, 1987; 
Mitchell, 1995a). In many cases the secondary character is indicated by petrographic 
evidence, such as mantling of pre-existing phlogopite crystals by tetraferriphlogopite, 
sharp compositional changes and various disequilibrium textures. Less frequently, the 
opposite pattern is observed. Farmer and Boetcher (1981) described phlogopite with 
reversely-pleochroic cores and normal-pleochroic rims in kimberlites and associated 
peridotite xenoliths. They point out, however, that the cores are richer in AI2O3 and 
poorer in FeO(T) than in other optically similar phlogopites, suggesting that the reverse 
pleochroism is not necessarily related to the Fe^ ^ Al substitution. 
Interlayer site substitution 
Amongst the common substitutions in the 12-fold co-ordinated interlayer site, 
Ba enrichment has been often described in carbonatites and alkaline rocks. Ba-rich 
eastonite (up to 5% Ba) occurring as overgrowths on previously-formed phlogopite in 
carbonatites from Arkansas has been interpreted as a product of the latest stages of 
groundmass crystaUisation (McCormick and Heathcote, 1987). Caspar and Wyllie 
(1982, 1987) found up to 10.3% BaO in phlogopites from the Jacupiranga carbonatites. 
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They report zoning in both directions (increasing and decreasing BaO towards the rim), 
but point out that high-Ba rims are more common than high-Ba cores. Even higher Ba 
contents (13 to 16% wt. % BaO) were reported by Seifert and Kampf (1994) for 
phlogopite in a nephelinite from Bohemia and are also interpreted as a result of late-
stage Ba enrichment. 
III .4 .2 - PHLOGOPITES FROM THE TAPIRA COMPLEX 
During this research, an extensive investigation of compositional variation in 
phlogopites from different rock types was carried out. The results of microprobe 
analyses and the corresponding calculated formulas are reported in Appendix 2. Two 
main phlogopite types occur in the .studied rocks. In the sihcate plutonic rocks series 
(SPS) the most common micas belong to the phlogopite-annite series, whilst 
carbonatites and metasomatic phlogopitites (= reaction rock, see Chapter 11) may contain 
micas with an important tetraferriphlogopite - ferri-annite component, together with 
resorbed or partially replaced crystals of phlogopite-annite. 
The role of tetraferriphlogopite and ferri-annite can only be properly assessed i f 
the Fe^ /^Fe^ ^ ratio is known. In the case of microprobe analyses, however, ferrous and 
ferric iron cannot be distinguished, and this ratio has to be estimated. Procedures for 
iron recalculation invariably rely on a series of assumptions regarding the type of 
tetrahedral substitutions prevailing in each case. Dymek (1983) and Droop (1987) 
proposed recalculation methods for the estimation of the Fo^^/Fe^^ ratio. However, 
Dymek's iterative normalisation procedure was devised for the recalculation of ^^^Al-
bearing biotites, which are substantially different from the phlogopites in this study. 
Droop's method is not apphcable to minerals with cation vacancies and, as suggested by 
Mitchell (1995b) may result in overestimated Fe^ "^ . Recent Mossbauer spectroscopy 
studies (Araujo, 1996) have shown that Fe^ "^  is the main substituting cation in the 
tetrahedral position in tetraferriphlogopites from Catalao (a carbonatite complex in 
APIP). Furthermore, crystal-chemistry studies (Brigatti et al., 1996) suggested that 
(iv)pg3+ ^ (IV)Al is the main tetrahedral substitution in Tapira. During this research the 
analyses were recalculated using the method suggested by Araujo (1996), as described 
below. 
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Microprobe results were first recalculated on the basis of 22 oxygen, and an 
appropriate amount of Fe was recast as ^^ F^e^ ^ in order to complete the tetrahedral site 
occupancy according to the equation: 
'•^ 'Fe^^ = 8 - Si - <'^ 'A1 
After adjusting FeO and Fe203 to the calculated ratio, the analyses were 
recalculated on the basis of 24 oxygen (H2O calculated by stoichiometry). In some cases 
the first estimate of Fe203 by this procedure still leaves a small tetrahedral deficiency 
after re-normalisation on the basis of 24 oxygen. The method was then successively 
repeated until completion of the tetrahedral site. The good charge balances achieved 
indicate that this procedure provides an adequate estimate of Fe^^/Fe^^ ratios in the 
studied micas. 
The main chemical characteristics of phlogopite in each rock group are described 
below. Figure in.4.1 illustrates the compositional variation of mica by rock group, in 
terms of the relevant end-members. Most analyses cluster near the phlogopite end-
member, with little sohd solution towards more Al-rich compositions. It must be 
stressed, however, that this does not represent a true eastonite-siderophyllite component, 
because all of the aluminium is ^^^Al. The slight deviation from the phlogopite-annite 
line towards the Al comer is probably the combined result of Al <=> Si variation in the 
tetrahedral site and normalisation of the variables to 100 % in the triangular diagram. 
Starting from magnesian phlogopite, the following main compositional trends 
are depicted: a) variation along the phlogopite-annite join, marked by micas from the 
SPS and from some carbonatites; b) a trend towards ferri-annite, defined by the core-rim 
evolution of phlogopite in some of the phlogopite-picrites and low-Cr dykes; c) a trend 
towards tetraferriphlogopite, defined by micas from carbonatites, some phlogopite-
picrites and the rims of micas from the reaction rock. Cores of the reaction rock micas 
are not individualised, but roughly coincide with the field for wehrlites. 
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Figure III.4.1 - Compositional variation of mica in all studied rocks. Solid arrow indicates the 
compositional shift from the cores (wehrlite-like) to rims in the reaction rock (RR). Note the 
progression from phlogopite towards biotite with differentiation in the SPS, and the overlap of 
the carbonatite field with the fields of ultramafic rocks, but not with the syenites (see text). TFP = 
tetraferriphlogopite. 
Silicate plutonic rocks series (SPS) 
Phlogopite composition in the SPS varies along a continuous trend of increasing 
Fe^ "^  and decreasing Mg^^ with magmatic evolution (Figure ni.4.2). Although some of 
the groups slightly overlap each other compositionally, there is a clear progression from 
magnesian phlogopite (Fe^ V Fe '^^ +Mg as low as 0.07) in the wehrlites towards biotite 
(Fe^ V Fe^"^+Mg up to 0.49) in the more evolved syenites. This is consistent with the 
expected decrease of magnesium in the magma, with differentiation. The slight 
deviation from the ideal phlogopite-annite line in Figure III.4.2 may be accounted for by 
higher amounts of Ti (up to 3.69 wt % Ti02) and Mn (up to 1.27 wt % MnO) in the 
more evolved rocks. 
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Figure 111.4.2 - Fe^^ and Mg^'^ variation in phlogopites of the plutonic silicate rocks. Note the 
continuous variation from Mg-rich (phlogopite) to Fe-rich (biotite) with differentiation. 
Because the progression along the phlogopite-annite series seems to be directly 
related to the differentiation of the SPS, the ratio Fe^ '^ /(Fe^ ^ + Mg) was used to gauge 
other chemical changes that could possibly be associated with the magmatic evolution 
of phlogopite. The tetrahedral cations Si, Al and Fe^ ^ do not vary substantially with 
Fe^V(Fe^VMg) from wehrlites to syenites. In fact, the differences between rock types 
are always smaller than the magnitude of the internal variation in each group. The lack 
of significant relative variation in the tetrahedral cations suggests that substitutions like 
phlogopite-tetraferriphlogopite are of little or no importance in the SPS. 
Ti increases in phlogopite with the Fe^V(Fe^VMg) ratio, both between and 
within the rock groups, although the individual trends overlap considerably (Figure 
in.4.3). The lowest Ti was observed in a wehrlite (0.078 p.f.u.) and the highest in a 
syenite (0.433 p.f.u.). The pace of Ti variation with Fe/(Fe+ Mg) decreases considerably 
between the wehrlites and the bebedourites. (Figure in.4.3). This might be related to a 
change in the availability of Ti in the Hquid (e.g. by extensive fractionation of Ti-
bearing phases such as perovskite and/or Ti-magnetite during the previous stage) or, 
alternatively, a change in the prevailing physical conditions (e.g. Arima and Edgar, 
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1981; Edgar and Arima, 1983). Note that the trend for syenite mica in Figure in.4.3 is a 
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Figure 1114.3 - Ti variation with the Fe^*/(Fe^* + Mg) ratio. Note the different slopes for Ae 
trends of wehrlites (A), two types of bebedourites and syenites (B and C), which suggest that Ti 
substitution is more strongly correlated with Fe/Mg in the more differentiated types. 
Figure in.4.4 shows a strong negadve correlation of Ti with octahedral site 
occupation (OSO) and a less well-defined negative correladon with Si + ^^^Al in 
phlogopite from SPS. 
The trend is compared with the Ti-substitution schemes: 
and 
2^^^Mg ^"^^Ti + • (Forbes and Flower, 1974) 
(^^Mg + 2^^Si <^ (^^Ti + 2^^>A1. (Robert, 1976) 
(1) 
(2) 
but does not coincide with either of the mechanisms proposed for Ti substitution. This 
suggests that a combination of the two schemes might be involved. Similar features 
were observed by Brigatti et al. (1996), in a crystal-chemistry study of Tapira 
phlogopites. They are also present in phlogopite from lamproites (Mitchell and 
Bergman, 1991) and in micas crystallised during experimental studies of ultrapotassic 
120 
CHAPTER I I I - MINERAL CHEMISTRY 
2Mg <=> TiD 
Mg2Si <=> Ti2Al 
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rocks (Arima and Edgar, 1981). The better-defined negative correlation of Ti with OSO 
suggests that the vacancy substitution scheme is somewhat dominant. 
The T i 0 2 increase from wehrlites to syenites is difficult to reconcile with the 
tendency of Ti-solubility to increase with increasing temperatures. Instead, one or more 
of the other constraining factors (decreasing pressure, increasing / O 2 ) suggested by 
Arima and Edgar (1981) must be prevailing over the temperature effect. Oxygen 
fugacity is expected to increase with differentiation and could lead to the observed Ti-
enrichment in syenite phlogopites. Furthermore, textural evidence (Chapter 11) indicates 
the emplacement of SPS at least partially as a crystal mush, suggesting that different 
rocks may have been formed at variable depths. On the other hand, the zoning pattern of 
phlogopite in some rocks shows a slight decrease in T i 0 2 towards the rims, which could 
be attributed to the effect of decreasing temperature during crystallisation. In summary, 
temperature appears to be the most important constraining factor of Ti solubility in 
phlogopite on a local scale, whereas a combination of decreasing pressure and 
increasing / O 2 seems to control the differences between rock groups in SPS. This is 
consistent with a multi-stage evolution for the complex. 
Mn correlates positively with the Fe^ ^ /(Fe^'^+Mg) ratio in the SPS, increasing 
steadily through the fractionation sequence, from less than 0.01 p.f.u. in the wehrlites to 
0.08 atoms p.f.u. in the syenites. This indicates that Mn follows the progressive increase 
of Fe^^ along the phlogopite-annite series. 
Potassium in the interlayer site increases from 1.75 p.f.u. in the wehrlites to 1.98 
p.f.u. in syenites. Na decreases slightly with differentiation but the variability within 
groups exceeds the differences between different rock-types. Ba (up to 0.05 p.f.u.) and 
Ca (up to 0.03 p.f.u.) are generally low and do not show systematic variation. Ba is 
remarkably low (less than 0.01 p.f.u.) in some syenites, but this feature is not part of a 
Ba-decreasing trend in the preceding stages. 
Figure in.4.5 shows a series of microprobe profiles across individual phlogopite 
grains from various rocks types. The first four columns show the evolution of primary 
(magmatic) mica. Wehrlite and bebedourite show similar behaviour, whereby the rims 
are slightly enriched in MgO and Si02, with a corresponding depletion in T i 0 2 and 
A I 2 O 3 . 
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The coupled variation suggests that the substitution mechanism ^^^Mg + 2^^^Si 
Ti -I- 2^^^A1 (Robert, 1976) is in place. Note that there is no iron increase 
associated with aluminium depletion. Syenite micas do not show any significant zoning 
but have higher FeO and lower MgO than micas in the ultramafic rocks. The zoning of 
phlogopite from carbonatite and metasomatic mica from the reaction rock (Figure 
in.4.5) wil l be discussed in the following sections. 
Reaction rock 
At the contact between carbonatite intrusions and ultramafic rocks of the SPS 
the interaction of carbonatite liquid with dunite, wehrlite or bebedourite results in the 
banded reaction rock, described in Chapter n. This is formed by alternate bands of 
carbonate and phlogopite + magnetite and grades into the original ultramafic rock away 
from the contact. Similar features have been described by Caspar (1989) in the 
Jacupiranga complex and are common in other carbonatite complexes of the APIP (Issa 
Filho et al., 1984; Araujo, 1996; Araujo and Caspar, 1993). 
The effects of metasomatism on phlogopite are recorded in the form of 
replacement rims of reversely-pleochroic tetraferriphlogopite (see Figures n.5 and n.40, 
in Chapter 11), whilst the original composition of the magmatic phlogopite is often 
preserved in cores with normal pleochroism. The chemical differences between the 
preserved cores and the tetraferriphlogopite rims are sharp and coincide with the 
inversion of pleochroism. A chemical profile of mica from the reaction rock is presented 
in the right-hand-side column of Figure in.4.5. 
The variation pattern of metasomatic micas is easily distinguished from those 
resulting from the magmatic evolution of the SPS (also shown in Figure in.4.5). Of the 
oxides represented in the profile, only SiOj shows a gradational progression from core 
to rim. In contrast, MgO, AI2O3 and T i 0 2 decrease and FeOt increases abruptly. The 
magnitude of the chemical changes is also remarkable, especially i f compared with the 
smoother and much less pronounced zoning of magmatic micas. Another outstanding 
feature is the increase in FeOt, coupled with AI2O3 depletion of similar magnitude. This 
feature strongly suggests Fe^ ^ substitution for Al in the tetrahedral site, and is clearly not 
present in the magmatic micas. Finally, MgO is low in the rims of metasomatic mica, 
whilst in micas from wehrlites and bebedourites magnesium tends to increase towards 
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the rim. BaO is always below detection limit, unhke some late-stage micas in alkaline 
rocks and carbonatites (e.g. Seifert and Kampf, 1994; McCormick and Heathcote, 1987) 
The chemical and petrographic evidence indicates that cores and rims of these 
micas crystallised under dramatically different chemical and/or physicochemical 
conditions. Moreover, the cores of micas in the reaction rock are compositionally 
similar to the magmatic phlogopite in the adjacent ultramafic rocks (compare, for 
instance, with wehrlite and syenite in Figure III.4.5). This is consistent with a 
metasomatic origin for the rims, rather than magmatic evolution. 
Carbonatites 
The relevant set of substitutions in carbonatite phlogopites is significantly 
different from those observed in the silicate plutonic rocks. Here the tetraferriphlogopite 
and ferri-annite end-members are important components of the micas (see Figure 
in.4.1). Accordingly, the Fe^ ^ Al substitution in the tetrahedral site would be 
expected to be a common feature in phlogopite from Tapira carbonatites (e.g. Brigatti et 
al, 1996). 
In Chapter n, three textural types of phlogopite were described in Tapira 
carbonatites. These are summarised below: 
Type 1 - Large crystals of relatively Al-rich (up to 12.63% AI2O3) phlogopite, 
often showing evidence of resorption by the carbonatite magma and/or replacement by 
rims and irregular patches of reversely-pleochroic tetraferriphlogopite. This variety 
occurs in the central body of carbonatite (CI), and also in the C3 and C4, located at the 
margins of the complex. The textural evidence suggest that the phlogopite cores are 
xenocrystic, and that the tetraferriphlogopite is a reaction product between the 
assimilated phlogopite and the carbonatite liquid. 
Type 2 - Large, euhedral tetraferriphlogopite crystals, showing concentric (often 
oscillatory) zoning patterns and no evidence of disequilibrium. A typical chemical 
profile is presented in Figure in.4.5. The oscillatory zoning generally involves variation 
of Si02, FeO and MgO and is reflected in different shades of red in the reversely-
pleochroic grains. Aluminium and titanium are extremely low and do not vary. An 
interesting feature is the antipathetic variation of Si02 and FeO, suggesting mutual 
substitution. Besides not showing evidence of disequilibrium, these micas often include 
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conMnon carbonatite minerals, such as pyrochlore, apatite and Carbonate. This variety of 
phlogopite is therefore interpreted as magmatic, crystallised directly from the 
carbonatite liquid during a quiescent period, when minor chemical or physicochemical 
changes in the system became imprinted in the mica (e.g. Heathcote and McCormick, 
1989). 
Type 3 - Minute, interstitial mica flakes. In C I and C4 these are mainly 
tetraferriphlogopite, and are interpreted as crystallised directly from the carbonatite (by 
compositional analogy with type 2). In C2 some flakes are tetraferriphlogopite and some 
are intermediate members of the phlogopite-tetraferriphlogopite series. The extremely 
fine grain-size and paucity of mica flakes in C2 make the investigation of zoning 
patterns and disequilibrium textures difficult, effectively precluding a decision as to 
their magmatic or xenocrystic origin. Nevertheless, the simultaneous occurrence of both 
compositional types as isolated, scattered flakes in the same sample suggests that mica 
flakes in C2 actually represent a mixture of fine-grained phlogopite of different origins. 
In summary, the only micas with clear textural evidence for magmatic 
crystallisation from a carbonatite magma are the euhedral, zoned crystals of 
tetraferriphlogopite in C I . However, small tetraferriphlogopite flakes in other 
carbonatites are interpreted here as magmatic on the grounds of similar composition. For 
intermediate members of the phlOgopite-tetraferriphlogopite series, textural evidence is 
either inconclusive (e.g. some of the interstitial mica in C2) or indicates a xenocrystic 
origin (e.g. partially resOrbed crystals in C I , C3 and C4). 
Minor elements in all three types of carbonatite micas are low (up to 0.22 % 
BaO, < 0.1 % Cr203) and do not allow discrimination between different types. High-Ba 
micas, such as those described by Caspar and Wyllie (1982) for the Jacupiranga 
carbonatites, were not found during the present research. 
The composition of carbonatite micas is compared with those of the SPS in 
Figure in.4.6. Micas from carbonatites and silicate rocks clearly follow different 
crystallisation paths. A sudden increase in FeO(t)/Al203 ratio (at FeO(t)/MgO = 0.75), 
signals the crystaUisation of tetraferriphlogopite in the carbonatites, whilst the plutonic 
silicate rocks follow the pattern of the phlogopite-annite series. The high-Al cores of 
micas from C I , C3 and C4 follow the phlogopite-annite trend and have composition 
similar to the micas of wehrlites and bebedourites in the lower range of FeO(t)/MgO. 
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Figure III.4.6 - Iron variation with aluminium and magnesium in Tapira phlogopites. The 
carbonatite micas that plot along the phlogopite-annite line are interpreted as xenocryst cores 
(see text). The evolution of carbonatite micas towards tetraferriphlogopite is marked by the sharp 
increase in the FeO(t)/Al203 ratio. Phlogopites from the SPS are plotted for comparison, and 
clearly do not show the same FeO(t)/Al203 enrichment. P = phlogopite, Ann = annite, TFP = 
tetraferriphlogopite. Note that the log scale is necessary to picture the wide range of Fe/Al 
variation. 
Since tetrahedral site deficiency is a characteristic of tetraferriphlogopite, 
tetrahedral substitutions are expected to play an important role in the crystallisation of 
these micas. The chemical behaviour of the major tetrahedral components in phlogopites 
from Tapira carbonatites is summarised in Figures in.4.7 to in.4.10. The studied micas 
cover the whole range of compositions in the phlogopite-tetraferriphlogopite series, but 
cluster preferentially near either one of the ideal end-members (Figure in.4.7). 
Phlogopites for which textural evidence of a magmatic origin is unequivocal (i.e. zoned 
euhedral phenocrysts from CI) invariably plot within a very short distance of the 
tetraferriphlogopite end-member. Many micas in this group either have very low ^'^^Al 
or lack aluminium completely, in which case the tetrahedral site is filled exclusively 
with ^^W^ and Si. 
The negative correlation between ^^ F^e^ "*" and Si in Figure in.4.8 and the 
antipathetic behaviour of these elements in Figure in.4.5 indicate reciprocal 
substitution, in agreement with the conclusions of Brigatti et al. (1996). The oscillatory 
nature of the zoning suggests that it is the result of subtle physical changes in the system 
and does not necessarily represent a magmatic evolutionary trend. 
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In contrast, the high-Al cores of mica xenocrysts in CI and C3/C4 contain little 
(iv)pg3+ j^ggg ^ ^^^ p.f.u.) and most of the observed variation is between Si and ^'^^Al 
(Figures ni.4.8 and in.4.9). The analyses of this group cluster near the phlogopite end-
member, like those of micas in the wehrlites and bebedourites. As seen previously, these 
higher-Al micas are in disequilibrium with the host carbonatite, and are interpreted here 
as xenocrystic phlogopite assimilated from the SPS. 
The reversely-pleochroic rims and patches replacing phlogopite xenocrysts show 
a distinctive behaviour with respect to the tetrahedral cations. Only in this variety and in 
some interstitial flakes from C2, a strong negative correlation between ^^ F^e^ "^  and ^^^Al 
is present (Figure in.4.10). In fact, this group of analyses "bridges the gap" between the 
high-Al cores of xenocrysts and the high-Fe^^ primary carbonatitic mica, which 
otherwise seems to have evolved independently of the ^^ F^e^ "^  <=> ^^^Al substitution. 
phlogopite 
0 xenocyst core 
X xenocryst rim 
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Figure 7/7.4.7 - Compositional variation of carbonatite phlogopites, in terms of the three main 
cations in the tetrahedral site. Fields for cores and rims of micas in the reaction rock are 
plotted for comparison (arrow indicates core to rim). TFP = tetraferriphlogopite. 
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Figure I I I . 4 . 8 - ^'^^Fe"" and Si variation in carbonatite phlogopites. Magmatic phlogopites 
from CI have little or no ^"^^Al and consequently plot along the substitution line Si <=> ^^ F^e^ "^ . 
Cores of phlogopite xenocrysts are ^'^^Fe^^ - poor, whilst the replacing rims are closer to 
tetraferriphlogopite. Fields for metasomatic phlogopites from the reaction rock are plotted for 
comparison (arrow indicates core-to-rim variation). TFP = tetraferriphlogopite. 
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Figure I I I . 4 . 9 - ^'^'AI and Si variation in phlogopite from carbonatites. Magmatic micas are 
tetraferriphlogopite. Cores of Al-rich xenocrysts plot along the Si <^Al line. C2 flakes and rims 
of xenocrystic mica are intermediate in composition between magmatic and xenocrystic. Fields for 
metasomatic phlogopites from the reaction rock plotted for comparison (arrow indicates core-to-
rim variation). TFP = tetraferriphlogopite. 
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Figure in.4.10 - ^'^>Al and ^'^^Fe^* variation in micas from carbonatites. Note the negative 
correlation between Al and Fe defined by the rims of xenocrysts and in the reaction rock, as 
well as some C2 mica flakes. TFP = tetraferriphlogopite. 
Ultramafic dykes 
Phlogopite is an essential constituent of phlogopite-picrites and low-Cr dykes. 
Groundmass mica is present in all dykes and some samples contain phlogopite 
phenocrysts and microphenocrysts. In general, the phlogopite-picrites contain less 
evolved, more magnesian phlogopite than the low-Cr dykes, but there is a significant 
overlap between the two groups. 
Figure in.4.11 compares phlogopites from the dyke rocks with the carbonatites 
and SPS. The dykes cover most of the span of SPS micas and fit well along that trend, 
although some rim compositions tend to approximate the field of carbonatite micas. A 
possible reason for this behaviour is reaction between the earlier-formed phlogopites 
and carbonate-rich liquids, producing low-Al, high-Fe rims in micas of some samples. 
This is consistent with the abundant groundmass carbonate in some of the dykes. 
Alternatively, some of the dykes may have been affected by metasomatic fluids 
associated with late-stage carbonatites, in which case the low-Al rims are of 
metasomatic origin. 
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Figure 111.4.11 - Iron variation relatively to magnesium and aluminium in micas from phlogopite-
picrites and low-Cr dykes. Fields for SPS and carbonatite micas (including all groups) are shown 
for comparison. Most analyses follow the trend of the SPS, but some phlogopite rims deviate 
towards the trend of carbonatites. Filled symbols = cores; open symbols = rims. 
Micas from the two types of dykes have the highest Ba content amongst Tapira 
micas (up to 2.95% BaO in phlogopite-picrites and up to 1.71% BaO in low-Cr dykes), 
with Ba usually decreasing from core to rim. CT2O3 is generally low, but may 
exceptionally reach 1.2 %. Some micas in the low-Cr dykes seem to be enriched in 
chromium (up to 1% Cr203). In any case, Cr203 decreases from core to rim. 
The compositional variation in zoned phlogopites from different dykes is 
illustrated in Figure in.4.12, in terms of titanium variation with FeO/(FeO+MgO) and 
with AI2O3. In the phlogopite-picrites (solid lines in Figure in.4.12) titanium increases 
initially with the FeO/(FeO+MgO) ratio of mica, before decreasing towards Ti-depleted 
rims. The early enrichment in Ti02 may or may not be coupled with an increase in 
AI2O3, and the magnitude of Ti-depletion in the rims appears to be attenuated with 
increasing Ti02. 
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Figure 111.4.12 - Chemical zoning of phlogopite in the phlogopite-picrites (solid lines) and 
low-Cr dykes (dashed lines). In the phlogopite-picrites, the lines represent chemical profiles 
across individual grains, from core (solid circles) to rim (open circles). In the low-Cr dyke 
the lines connect pairs of core-rim analyses of phenocryst (P) and groundmass(G) 
phlogopite. 
Micas from low-Cr dykes (dashed lines in Figure in.4.12) have higher Ti02 than 
micas from phlogopite-picrites. This is analogous to the evolution of the SPS, where Ti 
increases in micas of the more differentiated rock types. Phenocrysts and groundmass 
phlogopite show contrasting behaviour, with the former having higher-Ti02 cores, 
whereas in the latter TiOi increases from core to rim. The trend of the phenocrysts in the 
low-Cr dykes is similar to the broad core-rim variation in the phlogopite-picrites. In the 
low-Cr dykes, the similarity between the rim of phenocryst and the core of groundmass 
phlogopite suggests a continued crystallisation trend where Ti02 decreases at first, 
perhaps during crystallisation of a Ti-rich phase (perovskite or Ti-magnetite), and 
increases again towards the later stages. In all three examples the rims are always 
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depleted in AI2O3 relatively to the cores. In both rock types the Al-depletion towards the 
rims may be the result of decreasing aluminium availability in the residual liquid. 
It was seen in a previous section of this Chapter that micas from different rock 
types in the SPS show different Ti behaviour with FeO/(FeO+MgO). Figure in.4.13 
compares those trends with the composition of micas in dykes and carbonatites. The 
dashed arrows in the diagram represent the core-rim variation of phlogopites in the 
dykes, except for the two highest Ti02 pairs, where the arrows connect phenocrysts to 
groundmass phlogopite. The evolution trends of cores and rims (or groundmass) 
parallel, respectively, the trends of wehrlites + bebedourites(Bl) and bebedourites (B2) 
-I- syenite. At least in the case of the low-Cr dykes, the results may suggest that micas 
started crystallising at a greater depth and the rims were formed at higher levels, during 
or after emplacement of the dykes, where lower pressure would favour the solution of Ti 
in the mica (e.g. Arima and Edgar, 1981). This shallower site would, presumably, 
coincide with the level of emplacement of B2/syenites, whose micas have 
FeOt/(FeOt-i-MgO) and Ti02 similar to the rims of phlogopite in the dykes. 
Also noteworthy in Figure in.4.13 is the comparatively high Ti02 content of the 
cores of mica xenocrysts in carbonatites (light-shaded field). In fact, they cover a large 
span of SPS mica compositions (except, maybe, the syenites). This suggests that the 
carbonatite magmas assimilated mica crystals from different ultramafic rocks (i.e. 
wehrlites and the two groups of bebedourites). 
The extreme enrichment of Ti02 in the groundmass phlogopite of low-Cr dykes 
contrasts with Ti depletion in the rims of phlogopite-picrite micas. However, the cores 
of the latter register an initial increase in Ti02 and the Ti-depletion of the rims appiears 
to be attenuated, with increasing titanium content of the mica.(Figure in.4.12). The 
micas crystallised from the carbonatite magma, on the other hand, show extremely low 
Ti02 contents. An alternative reason for the behaviour of Ti and Al in primary 
(magmatic) micas from Tapira may be changes in the activity of these elements in the 
magma. If the whole composition span of Tapira rocks is considered, AI2O3 and Ti02 
show substantial variation (e.g. carbonatites extremely depleted in both AI2O3 and Ti02) 
The rapid variations observed in some-phlogopites from , dykes may indicate abrupt 
chemical changes in the system (e.g. associated with liquid immiscibihty). 
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III .4 .3 - ORIGIN OF TETRAFERRIPHLOGOPITE 
Tetraferriphlogopite is a common variety of mica in the APIP carbonatite 
complexes. Besides its occurrence in Tapira (Brigatti et al., 1996 and this work), it has 
also been described from the intrusions of Araxa (Cruciani et ah, 1995), Salitre (Lloyd 
and Bailey, 1991) and Catalao (Araujo and Caspar, 1993; Araujo, 1996). 
Lloyd and Bailey (1991) described tetraferriphlogopite from the Salitre complex, 
associated with carbonate-silicate cryptocrystalline material in bebedourites. They 
interpreted the mica as a late-stage product, but consider the evidence to be inconclusive 
as to whether it crystallised from the residual Uquid or resulted from introduction of 
material after crystaUisation. Morbidelli et al. (1995a) reported the presence of 
tetraferriphlogopite in carbonatites and fenites from Salitre. Caspar and Araujo (1995) 
and Araujo (1996) interpreted the tetraferriphlogopite of Catalao as the result of 
metasomatic interaction of the early-formed ultramafic rocks with carbonatite magma, 
in a process that led to the transformation of dunites and pyroxenites into phlogopitites. 
Issa Filho et al. (1984) interpreted the glimmerites of the Araxa complex as being of 
metasomatic origin, formed by phlogopitisation of ultramafic rocks. Although they do 
not provide phlogopite analyses (and the Araxa mica studied by Cruciani et al., 1995 
comes from a sovite), the textural features of the Araxa glimmerites resemble the 
reaction rock of Tapira. 
Brigatti et al. (1996) studied the crystal chemistry of Tapira phlogopites. They 
suggested that the formation of tetraferriphlogopite (i.e. ^^ F^e^ "^  substitution 
accompanied by inversion of pleochroism and depletion in Al and Ti) is a magmatic 
process and increases with fractional crystallisation, in the sequence dunite => wehrlite 
^ clinopyroxenite ^ bebedourite =^ gamet-magnetitite perovskite-magnetitite => 
glimmerite => carbonatite. In fact they propose the division of Tapira rocks in two 
magmatic systems, one (alkaline-silicate system) including the first four rock types in 
that sequence and the other (silicate-carbonatite system) comprising the remaining three. 
However, their petrographic descriptions suggest that the studied rocks are mostly 
varieties of cumulate from the ultramafic magmas of the SPS. Perovskite- magnetite-
and garnet-rich cumulates, for instance, are commonly associated with pyroxenites in 
Tapira and the very low T1O2 content of Tapira carbonatites (see Chapter IV) suggests 
that the carbonatite liquid is unlikely to produce Ti-rich cumulates. Furthermore, the 
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specimens described by Brigatti et al. (1996) do not include syenites or true carbonatites 
(maximum CO2 content reported is 14.28%). Finally, they report the formation of 
hematite rims associated with tetraferriphlogopite, which could be the result of 
metasomatic processes. 
The results of the present work - using a wider range of petrographic types -
indicate that magmatic mica in the SPS evolves from phlogopite towards biotite, rather 
than tetraferriphlogopite, and that Ti contents of phlogopite increase with fractional 
crystallisation, albeit in a scenario of multi-stage magmatic evolution. It was also 
demonstrated in previous sections that magmatic crystallisation of tetraferriphlogopite is 
generally restricted to true (magmatic) carbonatites, the possible exceptions being 
groundmass mica in some carbonate-rich phlogopite-picrites. Whilst agreeing with the 
evolution proposed by Brigatti et al. (1996) for the ultramafic rocks (increasing Fe and 
Ti with decreasing Mg) and, indeed, extending this model to the most differentiated 
rocks (syenites), the results of the present research do not support their model of 
magmatic progression from phlogopite to tetraferriphlogopite in the SPS. Instead, the 
(iv)pg3+ ^ (^^Al substitution reported by Brigatti et al. (1996) as magmatic, closely 
resembles the evolution of micas in the reaction rock and rims of xenocrysts, as well as 
that of metasomatic micas in Catalao (Araujo, 1996). 
III .4 .4 - OXYGEN FUGACITY 
Figure III.4.14 provides an estimate of the oxidation state of the liquids from 
which phlogopite crystallised. Micas from the SPS plot in a trend sub-parallel to the 
nickel - nickel oxide buffer line, indicating that little variation in oxygen fugacity was 
involved in the differentiation of the plutonic silicate rocks. Primary tetraferriphlogopite 
from carbonatites, on the other hand, plot well above the line of the hematite-magnetite 
buffer, indicating the highly oxidised character of the carbonatite magmas in Tapira. The 
phlogopite xenocrysts in carbonatites are not plotted in the diagram but span the range 
of most of the SPS phlogopites, suggesting that the former were crystallised in less 
oxidising conditions than those prevailing in the carbonatite magma. Phlogopite flakes 
from C2 define a trend of increasing Fe^ ^ at high Mg, similar to the one proposed by 
Brigatti et al (1996, Figure 6) for the evolution of Tapira rocks. Finally phlogopite from 
phlogopite-picrites and low-Cr dykes plots along a number of trends of increasing Fe^ ^ 
136 
CHAPTER I I I - MINERAL CHEMISTRY 
at variable Fe^^/Mg, suggesting that variations in the oxygen fugacity may have occurred 
during the crystallisation of the dykes. Most phlogopites from dykes plot between the 









Figure 111.4.14 - Composition of primary Tapira micas plotted in the diagram ofWones and Eugster 
(1965). Oxidation state of the system indicated by the oxygen buffers HM (hematite-magnetite), NNO 
(nickel-nickel oxide), FMQ (fayalite-magnetite-quartz), WM (wustite-mangetite), Wl (wustite-iron). 
Solid circles indicate phlogopite flakes from carbonatite C2. 
111.4.5 - COMPARISON WITH MICA FROM OTHER CARBONATITES AND ALKALINE 
ROCKS. 
Mica composition and evolution in alkaline rocks is strongly dependent on the 
geochemical affinity of the magma. Mitchell (1995a) summarised the following points 
regarding compositional variation of phlogopite in potassic alkaline rocks: 
• micas rich in both Ti and Ba are characteristic of leucitites and melilitites. 
• micas from Group I kimberlites always have low Ti02 (< 4%) and can evolve along 
two different trends, one of increasing AI2O3 and BaO, and the other of decreasing 
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AI2O3 (towards low-Ti tetraferriphlogopite). The latter is commonly interpreted as 
secondary in origin. 
• Group n kimberlites (orangeites) also show two separate trends, one involving Fe <^ 
Al substitution (phlogopite-tetraferriphlogopite) and the other between the 
phlogopite-annite end-members. 
• phlogopites from lamproites typically have high Ti, and evolve towards Ti and Fe 
enrichment with (Ti-tetraferriphlogopite) or without (Ti-biotite) Al depletion. 
• micas from minettes and lamprophyres show a more variable behaviour, but in 
minette they are usually Al-rich. 
Phlogopite evolution in carbonatites has been described as increasing Mg and Si 
and decreasing Al , Ti and Fe, coupled with incorporation of Fe^ ^ in tetrahedral sites 
during the later stages (Heathcote and McCormick, 1989). On the other hand, a similar 
trend seems to derive from metasomatic processes. McCormick and Heathcote (1987) 
interpreted tetraferriphlogopite in carbonatites from Arkansas as formed during 
dolomitisation of previous sovite, with ingress of Si, Mg, Fe^ "^  and removal of Al , Fe^ "^  
and Ti from the system. 
Figure in.4.15 compares phlogopites from Tapira with other examples of 
carbonatites and alkaline rocks, in terms of Ti02 and AI2O3 compositions. As a general 
rule, phlogopite from the SPS, cores of xenocrysts in carbonatites and cores of mica 
crystals from dykes have AI2O3 ranging from 9 to 13 % and limited Ti02 (up to -5%). 
This coincides roughly with the field for MARID micas and with the low-Ti02 half of 
the field for kamafugite phlogopites, but is distinguished from minettes (Roman 
Province), alkaline rocks from Paraguay and the Brazilian carbonatites complexes of 
Jacupiranga and Juquia by the lower AI2O3 and more restricted Ti02. Primary 
carbonatite micas from Tapira cluster near the origin of the diagram, and cannot be 
distinguished in the adopted scale. A coupled depletion of Ti02 and AI2O3, leading 
towards tetraferriphlogopite is typical of metasomatic and late stage micas. This 
variation is similar to that observed in orangeites, and distinguished from lamproitic 
tetraferriphlogopites, which are Ti-rich. The field of APIP carbonatite complexes 
includes analyses of phlogopite from silicate rocks and carbonatites of Salitre and 
Catalao, roughly coinciding with the compositional range of variation of Tapira micas. 
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Figure in.4.15 also provides an insight into the relative differences between 
micas from the APIP and those from other alkaline provinces emplaced around the 
margins of the Parana Basin. The field for the Jacupiranga complex includes analyses of 
phlogopites from ijolitic rocks and carbonatites, with the latter being restricted to the 
very-low-Ti02/high-Al203 end of the diagram. The compositional range occupied by the 
carbonatite phlogopites is marked by a sudden inflection of the Jacupiranga field 
towards higher AI2O3, suggesting that the latest stages of magmatism in that complex 
are characterised by high-Al mica. Indeed, Caspar and Wyllie (1987) stated that micas 
from the Jacupiranga carbonatites almost always show ^^^Al as high as, or higher than, 
Fe^ "^ . A similar pattern is shown by the alkaline rocks from Paraguay. Although the field 
in Figure in.4.14 does not include carbonatite micas, an inflection towards high AI2O3 
still appears at low Ti02. Comes et al. (1996b) draw attention to the fact that eastonite-
siderophyllite is an important component of micas in the Paraguay alkaline rocks. 
The field for Juquia comprises only phlogopites from silicate rocks, and shows 
AI2O3 comparable to Jacupiranga and Paraguay, for the more restricted Ti02 range 
covered. Therefore, the fields of mica from Jacupiranga, Juquia and Paraguay are 
roughly coincident, and characterised by high-Al203 and variable (very low to very 
high) Ti02. The lowest Ti02 portions of the Jacupiranga and Paraguay fields are marked 
by a sudden increase in AI2O3. The Ti02 / AI2O3 ratio is similar to that of minettes and 
Roman Province. On the other hand, carbonatite complexes of the APIP are 
characterised by lower AI2O3 (similar to that of kamafugite and MARK) micas), and a 
more restricted Ti02 range. Additionally, carbonatite micas are depleted in AI2O3, 
causing the fields to inflect towards tetraferriphlogopite (thus in the opposite direction to 
Jacupiranga + Juquia + Paraguay). 
The high-Ti02 portion of the kamafugite field in Figure in.4.15 consists entirely 
of micas from APIP kamafugites (Mata da Corda Croup, not individualised). If a genetic 
relationship exists between these rocks and the carbonatite complexes, the Mata da 
Corda micas may represent the high-Ti equivalent of Tapira/Salitre/Catalao, defining a 
wider APIP field, still at lower AI2O3 than Paraguay/Jacupiranga/Juquia. 
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Finally, it should be noted that the alkaline magmatism in the APIP is Upper-
Cretaceous in age, and is interpreted as the result of the impact of the Trindade mantle 
plume in the lithosphere under southeast Brazil (Gibson et al, 1995b), whereas 
Jacupiranga and Juquia are Early Cretaceous and therefore contemporaneous with the 
Parana flood-basalt magmatism (which in turn has been associated with the Tristan da 
Cunha mantle plume). Therefore, mica compositions may be reflecting two different 
tectono-magmatic situations. It must be stressed that the alkaline rocks from Paraguay 
cover a wider range of ages (240 to 39 Ma - Gomes et al, 1996a), and the field plotted 
in Figure in.4.15 is not age-selective. 
III .4 .6 - SUMMARY 
The results of the study of Tapira phlogopites can be summarised as follows: 
• Primary phlogopites in carbonatites and silicate rocks seem to evolve independently 
and follow divergent trends. 
• In the silicate plutonic rocks, mica evolves from high-Mg phlogopite in the least 
differentiated wehrlites to biotite in the more evolved syenites. This variation follows 
a continuous trend of Fe <=> Mg substitution. Ti and Mn also increase with 
differentiation. 
• Ti variation indicates a multi-stage evolution for the SPS. Decreasing pressure and/or 
increasing oxygen fugacity seem to be the main factors controlling Ti increase in 
mica from the wehrlites to syenites, whereas temperature is the more significant 
factor on a local scale. 
• Metasomatic micas are characterised by replacement of the original phlogopite by 
rims and patches of tetraferriphlogopite. The inversion of pleochroism coincides with 
a sharp decrease in MgO, AI2O3 and T1O2 and increase in FeOt. There is no 
gradational zoning towards tetraferriphlogopite. The chemical changes involved are 
distinct from those associated with magmatic differentiation. 
• A distinct chemical behaviour is displayed by magmatic tetraferriphlogopite in 
carbonatites, consisting basically of ^^ F^e^ ^ <=> Si substitution. These micas are 
virtually Al-free, and form euhedral crystals with oscillatory zoning. 
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• Textural and compositional evidence indicates that Al-rich phlogopite is not likely to 
have crystallised directly from the carbonatite magma. The presence of this type of 
mica in Tapira carbonatites is probably the result of assimilation of phlogopite from 
the silicate plutonic rock series, either during emplacement of the carbonatites or 
during the ascent of the carbonatite magma through pockets of partially crystallised 
ultramafic rock in the magma chamber. 
• Alternatively, this variety of mica could have crystallised in equilibrium with a 
hybrid silicate-carbonate liquid at depth and have been removed from the system 
during an immiscibility event. Such liquid would have to be ultramafic, as there are 
no xenocrysts in the carbonatites with composition similar to the syenitic micas. 
• I f the high-Al micas in carbonatites had crystallised directly from the carbonate liquid 
(or evolved towards tetraferriphlogopite as a result of magmatic differentiation), a 
wider range in Fe^ ^ and Al would be expected in the cores of phlogopites from 
different carbonatite samples. This was not observed in the studied carbonatites, 
where mica seems to "jump" in composition from Al-phlogopite to 
tetraferriphlogopite. 
• Micas in phlogopite-picrites and low-Cr dykes generally follow the compositional 
trend of the SPS. Phlogopite-picrites have the more primitive, and low-Cr dykes have 
the more evolved mica. With respect to mica composition, the dykes may be 
interpreted as the equivalents of the silicate plutonic rocks. Late-stage sharp chemical 
changes in phlogopite from the dykes may be signalling the onset of major chemical 
disturbances in the system, such as liquid immiscibility. 
• Micas from Tapira are compositionally similar to those from the consanguineous 
complexes of Salitre and Catalao, and distinct from micas in the Jacupiranga and 
Juquia alkaline-carbonatite complexes. Micas in the dykes and SPS have Ti02 and 
AI2O3 contents similar to MARK) micas and kamafugites, although the field for the 
latter extends to higher Ti02, 
• I f the Mata da Corda kamafugites are considered, the APIP phlogopites define a field 
that is roughly parallel to that of Jacupiranga + Juquia + alkaline rocks from 
Paraguay, but at significantly lower AI2O3. In the low-Ti02 range (defined by the 
carbonatite micas) the two trends become divergent, inflecting towards low and high 
AI2O3, respectively. 
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I I I . 5 - PEROVSKITE 
Perovskite is an essential constituent of the wehrlites and bebedourites in the 
silicate plutonic rock series (SPS). It also occurs in the phlogopite-picrite dykes and, 
rarely, in carbonatites. The presence of perovskite in Tapira has economic significance, 
because the weathering of perovskite-rich SPS rocks ultimately produces ore-grade 
concentration of anatase, within the thick soil cover of the complex. The process of 
perovskite alteration has been studied by Banfield and Veblen (1992) but, despite its 
economic impHcations, this is beyond the scope of the present work. Therefore, the 
following discussion will refer to perovskite solely as part of the original mineral 
assemblage of the igneous rocks. 
Perovskite is the main primary Ti mineral in the Tapira complex and an 
important host for the rare earth elements in the ultramafic cumulate rocks, having a 
major effect on the distribution of Ti and the REE during magma evolution. 
In wehrlites and bebedourites perovskite occurs as a cumulus phase, 
accompanying olivine and clinopyroxene. In the phlogopite-picrite dykes it may be 
present as rare phenocrysts, discrete crystals in the groundmass or rings of discrete 
grains coating oUvine phenocrysts. Perovskite was not found in the syenites, where 
sphene may occur instead. The perovskite-sphene equihbrium is constrained by 
temperature and silica activity of the magma, and Veksler and Teptelev (1990) 
demonstrated that the crystallisation of perovskite in alkaline magmas is inhibited by 
increasing Si and Al content of the liquid. Accordingly, the absence of perovskite in the 
syenites reflects the higher activities of Si and Al in the syenite system, compared with 
the ultramafic cumulates and dykes. 
The structure of perovskite can be expressed by the ideal formula ABX3, where 
A and B represent cations and X represents anions. In natural perovskites the anions are 
oxygen, and the formula may be then rewritten as ABO3. The composition and 
proportions of the A and B cations, however, can be extremely variable. According to 
Mitchell (1996c), the A site can be occupied by over 20 elements and the site B by over 
50 different elements, rendering perovskite a potentially very complex mineral. 
Nevertheless, the description of common, naturally-occurring perovskites can be 
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simphfied by considering the A site as occupied mostly by Na^, K"*", Ca"^ "^ , Sr^ ,^ REE"^ "^ , 
Pb^^ and Ba^^ and the B site by Ti^^, Nb^\ Fe^ ,^ Ft^\ Ta^ ,^ Th "^" and Zr^^. Cations in 
the A-site could therefore be mono- di- or trivalent and cations in the B site could be 
penta- tetra- or trivalent. More complex compositions can be generated by charge-
compensating combined substitutions in the A (e.g. Na'*'o.5, Ce^ o^.5 ^  Ca^^) or B (e.g. 
Fe^^o.5, Nb^^o.5 Ti"^ )^ sites (Mitchell, 1996c). This set of cations and substitutions is 
sufficient to explain the most relevant end-members (Table III.5.1) of natural 
perovskites, apart from silicate perovskites such as (Ca,Mg,Fe)Si03, which are only 
important in mantle assemblages (e.g. Deer et al., 1992; Schubert and Tackley, 1995) 
and will not be discussed here. The microprobe analyses and calculated mineral 













Table III.5.1 - End member composition of perovskites {after Mitchell, 1996c} 
Figure in.5.1 shows the classification of Tapira perovskites in the system 
perovskite-loparite-tausonite-lueshite. All analyses plot within a limited composition 
range, varying from perovskite (sensu strictu) to Ce-perovskite, with up to 13.5 mol % 
of the loparite end-member. One analyses of a perovskite in a carbonatite (sample 
at043), shows a much higher loparite content (40 mol. %) , although it is still classified 
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as Ce-perovskite. Unfortunately, given the paucity of perovskite in the studied 
carbonatites, this is the only analysed perovskite grain from this rock type. The higher 
REE content of this perovskite is consistent with the generally accepted notion of REE-
enrichment in this mineral with magma evolution. It is also noteworthy from Figure 
in.5.1 that all analysed perovskites have very low abundance of the tausonite and 
lueshite end-members. 
lucshite perovskite 
^0 10 pcrovskite 
A /\ 
• = dykes B1 — ^ 
B2 — ^ // •/ /jt^^ \ " i • / / • fc^ \ \ 
f 10 B 1 _ 
Wj ^ B 2 
~y20 ^ Wehrlites 
* = carbonatite 
perovskite (AT013) 
loparite tausonitc 
Figure 111.5.1 - Classification of Tapira perovskites in the system perovskite-loparite-lueshite-tausonite. 
The analyses plot along the perovskite-loparite line, with very little contribution of the lueshite (Nb) and 
tausonite (Sr) end-members. The inset is a blow-up of the sector containing perovskites from the SPS. 
The inset in Figure III.5.1 shows the composition of perovskites from different 
Tapira silicate rocks. Perovskites from the B2 bebedourites are more enriched in REE 
(loparite) than those from B l bebedourites. They also show slightly higher Sr 
(tausonite) and Nb (lueshite) contents. Perovskites from wehrlites overlap the field for 
both types of bebedourite and partly coincide with perovskites from the phlogopite-
picrite dykes. Some perovskites from wehrlites have slightly high Nb, similar to those of 
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B2 bebedourites but, in contrast with the latter, this is not accompanied by an increase in 
Sr. Perovskite from both wehrlites and phlogopite-picrites are typically poorer in the 
tausonite end-member than those in the bebedourites, although it should be stressed that 
the tausonite component is low in all Tapira perovskites. 
III .5 .1 - MAGMATIC EVOLUTION OF PEROVSKITE 
The composition of perovskite can be related to the stage of evolution and to the 
type of magma from which it crystallised. As suggested by Veksler and Teptelev (1990), 
perovskite can be a relatively early-crystallising phase in silicate liquids. Its abundance 
in the ultramafic cumulates of SPS is consistent with this concept and indicates that it 
crystallised relatively early in the evolution of the complex. The normal evolution of 
perovskite in alkaline magmas is one of replacement of Ca by REE, Na, Sr, and 
replacement of Ti by Nb, i.e. early-formed Ca-Ti perovskite progresses towards lueshite 
and/or loparite with magmatic evolution (Mariano and Mitchell, 1991; Mitchell, 1996c). 
Perovskite in ultramafic cumulate rocks is usually close to the CaTi03 
composition. Mariano and Mitchell (1991) recognised some REE enrichment in 
perovskite from bebedourites of APIP carbonatite complexes, and related this to the 
interaction of early perovskite with late-stage hydrothermal fluids. They also pointed out 
that ''significant Sr andNa enrichment does not occur in these perovskites and they thus 
differ from perovskites in carbonatites". In more evolved rocks, such as syenites, 
significant contents of the lueshite and tausonite end-members may be present (e.g. 
Mitchell and Vladykin, 1993). Further, perovskite in pegmatites associated with 
ultrapotassic syenite complexes and in some carbonatites may also show late-stage 
enrichment in Th (e.g. Mitchell, 1996c; Mitchell and Chakhmouradian, 1998). 
This general pattern of perovskite chemical evolution is probably an 
oversimplified model, especially on a small scale. Campbell et al. (1997) demonstrated 
the presence of oscillatory and reverse (towards purer CaTi03) zoning patterns of 
individual Ca-Ti perovskites in ultramafic rocks from the Cardiner complex (East 
Greenland). They interpreted this as the result of chemical changes in the system, such 
as influx of new fluids or back-reaction of perovskite with the liquid. Nevertheless, they 
point out that perovskite-group minerals in the ultramafic rocks from Cardiner are Ca-Ti 
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perovskite, whereas Nb-rich loparite (ca. 10% Nb205) occurs in syenite, thus confirming 
the tendency of REE and Nb-enrichment with magmatic evolution over a larger scale. 
Less often, unevolved Ca-Ti-perovskite has been reported in syenites (Magnet Cove, 
Flohr and Ross, 1990). 
Perovskites from carbonatites usually evolve by progressive Na- and REE-
enrichment (i.e. along the perovskite-lopante solid solution). The preliminary 
experimental results of Mitchell (1997) indicate that, because of the high solubihty of Ti 
in carbonatite melts, perovskite is a relatively late-stage phase in carbonatite, contrasting 
with its early-stage crystallisation in silicate magmas. The first perovskite-group mineral 
in the haplocarbonatite system (at 650 °C and 1 atm) is Ca- and Ti-rich, but loparite can 
crystallise from the carbonatite liquid at lower temperatures. Under these experimental 
conditions, lueshite and tausonite are not stable phases in the synthetic haplocarbonatite 
system. This is consistent with observations in natural carbonatites, where the most 
commonly observed solid solution is between perovskite (sensu strictu) and loparite. 
Mitchell's results also show that in C02-bearing systems, Sr is strongly partitioned into 
the carbonate minerals rather than to perovskite, which is consistent with the very low 
tausonite content in the analysis of carbonatite perovskite (Figure III.5.1). In Tapira 
perovskite co-exists with carbonate in the phlogopite-picrites and in carbonatite. The 
partition coefficient for Sr between perovskite and carbonate was calculated for three 
phlogopite-picrite dykes and one carbonatite, according to the relation: 
j^^^ (carbonate/perovskite) _ ^ gj.Q(carbonate)^^j. ^ (perovskite) 
It should be noted that the calculations were based in the highest measured Sr content, 
because the carbonates tend to recrystallise during post-magmatic alteration, with the 
exsolution of Sr-rich phases (see Section ni.9 of this Chapter). The results (Table 
in.5.2) confirm the strong partition of Sr to the carbonate. Note that this appears to 
increase with the carbonate content (expressed by wt % CO2) in the sample. 
The low levels of Nb in perovskite from Tapira carbonatite suggests that the 
system had relatively high levels of F and a relatively low Na/Ca ratio, therefore 
favouring the crystalHsation of pyrochlore, rather than lueshite, as the main Nb phase 
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(e.g. Jago and Cittins, 1993; Chakhmouradian and Mitchell, 1998). 
at022 at 120a at013 at043 
C O 2 (wt. %) in 
whole-rock 
5.96 8.22 9.05 25.06 
SrO (wt. %) in 
carbonate 
1.3 2.8 2.46 2.35 
SrO (wt. %) in 
perovskite 
1.07 0.97 0.83 0.54 
( C C / p v ) 
^Sr 1.21 2.88 2.96 4.35 
Table III. 5.2 - Partition coefficient for Sr between carbonate and 
perovskite (Kj'^"^^) in some Tapira rocks. 
The Strong REE- and Na-enrichment (loparite component) in perovskite from 
Tapira carbonatite (nearly twice the highest REE content of perovskite in the silicate 
rocks) is consistent with a late-stage, independent crystallisation of this perovskite from 
the carbonatite magma, rather than with a xenocrystic origin. In sections III.3 and 1II.4, 
pyroxene and phlogopite from this same carbonatite sample were interpreted as 
xenocrysts. The fact that these two minerals are compositionally similar to their 
counterparts in the ultramafic rocks, whereas the perovskite has such an evolved 
composition, reinforces the concept that pyroxene and phlogopite in this carbonatite are 
xenocrysts. In fact, the high solubility of perovskite in carbonatite liquids (Mitchell, 
1997) would probably favour the assimilation of any xenocrystic perovskite that entered 
the carbonatite liquid together with pyroxene and phlogopite. 
i n . 5 . 2 • OXYGEN FUGACITY 
The iron content of perovskite have been interpreted as an indication of oxygen 
fugacity (e.g. Dawson et al., 1995). Accordingly, the low iron content in perovskites 
from the SPS wehriites (up to 3.55 wt. % FeO) and bebedourites (up to 1.87 wt. % FeO) 
suggests that these rocks formed under relatively low oxygen fugacity. On the other 
hand, the analysis of perovskite from carbonatite yielded a much higher iron content 
(11.31 wt % FeO) and this perovskite is therefore interpreted as having formed under 
higher oxygen fugacity. This inference is consistent with: a) the occurrence of magmatic 
tetraferriphlogopite (section in.4) in the carbonatites and its absence in the SPS (except 
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where associated with metasomatic replacement); b) the presence of melanite in the 
low-Cr dykes and SPS rocks (section in.7). The iron content of perovskites from the 
carbonate-rich phlogopite-picrite dykes (up to 3.03 wt. % FeO) is slightly higher than 
those in bebedourites, but similar to perovskites in wehrlite. Increasing oxygen fugacity 
in the dykes is suggested by the chemical evolution of phlogopite (section III.4), but this 
feature was not observed in the wehriites. As suggested for the relatively high-CaO 
olivines from wehriites (section in.2), it is possible that some of these perovskites 
crystallised from a liquid that was slightly more evolved and/or more carbonate-rich 
than the phlogopite-picrites. 
III .5 .3 - MINOR ELEMENTS 
Rare earth elements (REE) 
Several perovskite grains were analysed by electron microprobe, to determine 
the contents of the measurable rare-earth elements. The sum of the REE oxides varies 
from 0.73 to 8.12 wt % in perovskites from the SPS, 1.81 to 4.56 wt. % in perovskites 
from dyke rocks and reaches 17.82 wt. % in the perovskite from carbonatite. Perovskite 
was also manually separated from one wehrlite (sample at016) and analysed by ICP-
MS. The results are presented in Figures IE.5.2 and HI.5.3, where yttrium (Y) from the 
microprobe analyses is used as a proxy for Ho. 
Figure EI.5.2 shows the nearly perfect correspondence of microprobe and ICP-
MS data for the REE from La to Sm. The heavier elements Cd and Y (Ho in the ICP 
analysis) still show good agreement, but some deviation from the ICP values is 
observed. In fact, i f the whole set of analytical data is considered, the scatter in Cd is 
considerably higher than in the lighter REE, suggesting that the discrepancy in Figure 
in.5.2 is related to a lower microprobe sensitivity due to the low Cd abundance. The 
difference between Y (microprobe) and Ho (ICP-MS) results may also be attributed to a 
combination of low microprobe sensitivity and, perhaps, to small differences in the 
geochemical behaviour of Y and Ho in the perovskite. The ICP-MS analyses defines a 
steep REE pattern in Figure in.5.2, with chondrite-normalised La/Lu ratio of 341, 
reflecting the strong preference of the light REE for perovskite. 
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Figure 111.5.2 - Comparison of chondrite-normalised REE data from 
ICP-MS and average microprobe analyses of perovskite in sample 
AT016. Microprobe yttrium data are plotted as a proxy for Ho. 
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Figure 111.5.3 - Chondrite-normalised REE patterns of perovskites in the SPS rocks 
and in carbonatite at043. The fields represent the compositional variation within 
each rock type, averaged by sample. Microprobe Yttrium data are plotted as a 
proxy for Holmium. 
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Figure in.5.3 shows the variation of REE in perovskite f rom different Tapira 
rock-types. The fields represent the range covered by the averaged analyses of different 
specimens within each unit. The REE abundance and the extent of LREE enrichment 
between perovskites f rom different silicate rocks are roughly similar, although the 
perovskites in B2 bebedourites can be distinguished f rom those in the B l bebedourites 
by their higher LREE concentrations. This is in good agreement with the evidence from 
other minerals (e.g. phlogopite, clinopyroxene, see relevant sections in this Chapter), 
that bebedourites in the B2 unit are more evolved than those in B l . However, the 
presence of complex zoning patters (normal, reverse, oscillatory) in these perovskites 
suggests that their composition is not simply controlled by a smooth trend of 
progressive REE enrichment. The fact that the perovskites in wehrlites have REE 
contents intermediate between B l and B2 bebedourites (rather than being less evolved 
than both) suggests that either the rocks crystallised f rom different liquids or the system 
underwent a complex evolution history, involving substantial fluctuation of the REE 
contents. 
The perovskite f rom carbonatite shows significant REE enrichment and a steeper 
REE pattern, relatively to the siHcate rocks. As shown by other elemental variations, 
this perovskite is clearly different f rom those crystallised in the SPS. 
Zr and Th 
Some perovskites f rom carbonatites and ultrapotassic syenites can be Zr- and/or 
Th-Rich. Lupini et al. (1992) reported up to 3.27 wt. % Zr02 and up to 1.7 wt. % Th02 
in perovskite f rom the Polino carbonatite (Italy). However, this perovskite is Ca- and T i -
rich and, therefore, not evolved in the sense of Mitchell (1996c). Perovskite in 
carbonatite complexes of the Kola Peninsula may have up to 4.9 wt. % Th02 
(Chakhmouradian and Mitchell, 1997). In the APIP, Mitchell (1996c) reported up to 
6.19 wt. % Th02 in perovskite f rom a rheomorphic fenite associated with the Salitre 
complex. Limited Th and Zr data were obtained for perovskite in some of the Tapira 
dykes and SPS rocks. The results indicate low, albeit measurable, concentrations of Zr 
(up to 0.51 wt. % Zr02) and Th (up to 0.6 wt. %. Th02) in these perovskites. The Zr 
content successfully discriminates perovskites in wehrlites f rom those in bebedourites, 
whereby the former reach higher Zr contents (Figure in.5.4). Unfortunately, the 
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perovskite f rom the Tapira carbonatite was not analysed for Zr or Th during this 
research, but the high analytical total obtained suggests that neither element is present at 
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Figure III.5.4 - SrO andZrOz (wt. %) variation of perovskites from the SPS. 
111.5.4 - COMPARISON WITH OTHER R O C K TYPES 
Figure in.5.5 shows the composition of Tapira perovskites in the system 
perovskite-loparite-tausonite, compared with perovskite in other types of alkaline rocks. 
It can be seen f rom the diagram that: 
a) perovskites f rom carbonatite-bearing complexes are usually Sr-poor, evolving 
along the perovskite-loparite line of the diagram; 
b) perovskites in orangeites and lamproites are Ca-Ti-rich, but show significant 
amounts of the tausonite (Sr) end-member; 
c) perovskite-group minerals f rom syenites and fenites are Ca-Ti-poor and may 
form continuous solid solution between the tausonite-rich and loparite-rich end-
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members. 
Tapira perovskites fol low a trend f rom perovskite to loparite, similar to that 
observed in Magnet Cove (Arkansas), Polino (Italy) and Gardiner (East Greenland). 
Perovskite-group minerals f rom some carbonatite complexes, such as Schryburt Lake 
(Ontario), Lueshe (Zaire), and carbonatites f rom the Kola Peninsula may contain 
substantial Nb, in addition to the low Sr contents (Piatt, 1994; Mitchell, 1996c; 
Chackhmouradian and Mitchell, 1998). These minerals evolve towards the lueshite end 
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Figure III.5.5 - Composition of Tapira perovskites in the system Perovskite - Loparite - Tausonite (mol 
%). Tapira perovskites classify as perovskite (sensu strictu) and Ce-perovskite. The dashed arrow 
shows the evolution trend of perovskite in the Sover orangeites. Solid arrow shows the evolution trend 
of Tapira perovskites. Also shown are the compositional ranges of perovskites from Tanzanian 
nephelinites (Paslick et al, 1996), Schryburt Lake (Piatt, 1994), Gardiner (Campbell et al., 1997), 
Magnet Cove (Flohr and Ross, 1989), Polino (Lupini et al., 1992). Other fields are from Mitchell 
(1996c). 
Finally, the overall composition of the Tapira perovskites is similar to the ranges 
reported by Sgarbi and Valenga (1994) and Sgarbi and Gaspar (1995) for perovskites 
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f rom the Mata da Corda kamafugites (Alto Paranaiba Igneous Province). These are 
close to the perovskite end-ember, with hmited solid solution towards loparite (i.e. 
average REE content of 3 wt. %; Sgarbi and Caspar, 1995). 
i n . 5 . 5 - SUMMARY 
• Perovskite-group minerals f rom the silicate plutonic rocks and from phlogopite-
picrites dykes have composition close to the perovskite end-member, with some 
solid solution towards loparite. One analysis of perovskite f rom carbonatite shows 
the strongest enrichment in the loparite molecule. 
• Perovskite is an important REE carrier in Tapira rocks. The REE patterns are steep, 
with strong enrichment in the light REE. The fractionation of perovskite during the 
formation of the wehrlites and bebedourites should influence the distribution of REE 
in the Hquid. 
• The proportions of the Sr and Nb end-members (tausonite and lueshite) are low in 
all Tapira perovskites. In carbonate-bearing rocks, Sr is preferentially partitioned to 
calcite. The low Nb content of carbonatite perovskite suggests a high activity of 
fluorine and a low Na/Ca in the carbonatite magma, which would favour the 
crystallisation of pyrochlore as the main Nb mineral. 
• Perovskites f rom B2 bebedourites are more evolved than those from B l . Perovskites 
f rom wehrlites are broadly similar in composition to those of the phlogopite-picrites, 
but may show slightly higher Nb contents. The composition range of wehrlite 
perovskites overlaps that of perovskites in B l and B2 bebedourites. 
• Tapira perovskites are similar in composition to those of other carbonatites and 
carbonatite-bearing complexes (Magnet Cove, Polino, Gardiner), and to perovskites 
f rom the Mata da Corda kamafugites. They are distinguished f rom perovskites in 
syenitic rocks by their much lower Sr contents. They also differ f rom perovskite-
group minerals occurring in some carbonatites (e.g. Schryburt Lake, Ontario; 
Lueshe, Zaire; carbonatites f rom the Kola Peninsula), which are Nb-rich. 
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I I I . 6 - OPAQUE MINERALS 
The oxide minerals present in Tapira rocks comprise spinels (chromite, 
magnetite) and ilmenite. Magnetite is by far the most abundant species, occurring in 
both carbonatites and silicate rocks. Chromite is restricted to phlogopite-picrites and, 
occasionally, wehrlites. Ilmenite is rare, occurrings in few samples of carbonatites and 
silicate rocks. The composition ranges of Tapira oxide minerals are given in Table 
in.6.1. The complete set of microprobe analyses and the correspondent mineral 
formulae can be found in Appendix 2. Ferric/ferrous ratios were estimated from 
microprobe results according to the method of Droop (1987). 
Chromite Magnetite Ilmenite 
Ti02 5.40-11.96 0.35 - 19.00 32.57 - 54.28 
A I 2 O 3 3.18-8.09 0.00 - 2.74 0.00-0.03. 
Cr203 20.12-43.60 0.00 - 5.57 0.00-1.65 
FeOx 28.28 - 50.60 63.55 - 93.59 39.11 -50.43 
MnO 0.27 - 0.60 0.00-2.76 0.07-4.19 
MgO 8.97-11.64 0.10-9.95 0.00 - 10.62 
ZnO 0.00-0.12 0.00 - 0.048 0.00-0.18 
Table III.6.1 - Compositional range (oxides wt. %) of Tapira magnetites, 
chromites and ilmenites. FeOj = total iron as FeO 
111.6.1 - SPINELS 
The spinels f rom dyke rocks (phlogopite-picrites and low-Cr dykes) show 
compositional characteristics that are distinct f rom those in the associated coarse-
grained plutonic rocks (SPS and carbonatites). For clarity, spinel analyses f rom these 
two groups are represented separately in Figures III.6.1 and in.6.2. 
155 





Figure III.6.1 - Representation of the composition of spinels from dyke rocks (phlogopite-
picrites and low-Cr dykes) in the spinel prism. Fe^'^j = total iron calculated as Fe :+ 
Figure in.6.1 shows the composition of chromites f rom phlogopite-picrite dykes 
and magnetites f rom both phlogopite-picrites and low-Cr dykes. In this diagram, 
chromite analyses cluster near the bottom face of the prism and magnetites plot near the 
ulvospinel (Fe2Ti04) apex. One isolated analysis plots between these two clusters, 
suggesting that a wider range of solid solution may exist between them. The trend of 
chromite evolution starts with an increase in the Fe/(Fe + Mg) ratio and later inflects 
towards relative T i enrichment and A l and Cr depletion, at roughly constant 
Fe/(Fe-i-Mg). Magnetites fol low a trend of early increase in the Ti/(Ti-i-Cr+Al) ratio with 
little change in Fe/(Fe+Mg), quickly inflecting towards progressive Fe/(Fe+Mg) 
increase. It is noteworthy that the least evolved magnetites have a Fe/(Fe-i-Mg) ratio 
similar to that of the most evolved chromites. 
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Figure III.6.2 - Composition of magnetites from the SPS and carbonatites, in the spinel 
prism. Fe^'^T = total iron calculated as Fe 2+ 
Figure HI.6.2 represents the composition of magnetites f rom the SPS and 
carbonatites. These spinels are characterised by a higher Fe/(Fe+Mg) than those from 
the dyke rocks. Magnetites f rom the SPS span a relatively wide compositional range. 
However, i t must be emphasised that both Cr and A l contents are low in these 
magnetites and the apparent variation in the Cr/(Cr+Al) ratio could be partly induced by 
analytical scatter at low concentrations. Despite the considerable extent of 
compositional overlap in SPS magnetites, a consistent variation has been recognised in 
the sequence wehrlites => bebedourites ( B l ) =^ bebedourites (B2). This is marked by 
progressive depletion in Ti02 and MgO, coupled with an increase in total iron (FCOT) 
and in the estimated Fe203, but not in the estimated FeO contents. Manganese does not 
vary systematically between different SPS rock groups. Carbonatite magnetites plot in a 
very restricted f ield close to the ulvospinel apex in Figure in.6.2. This reflects an 
extreme depletion in both Cr and A l , rather than an increase in T i , when compared with 
the magnetites f rom the SPS. 
The presence of Cr-Al-rich spinels in phlogopite-picrites is in good agreement 
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with the less evolved character of these rocks, when compared with the low-Cr dykes. 
The same is true of the occasional presence of chromite in some, but not all wehrlites 
(EDS qualitative analyses only), when compared with the chromite-free bebedourites 
and carbonatites. In Tapira magnetites the chromium content is moderately low. One 
analysis of magnetite f rom a phlogopite-picrite yielded 5.57 wt. % Cr203 but all the 
remainder have less than 2.11 wt. % Cr203. 
The increase in the Fe/(Fe+Mg) ratio with differentiation in the Tapira spinels is 
consistent with observations f rom other examples of alkaline rocks and carbonatites. 
Gaspar and Wyll ie (1983b) pointed out that magnetites f rom the Jacupiranga complex 
. show an increase in FeO/(FeO-f-MgO) ratios with decreasing age of the host carbonatite. 
Iron enrichment with magmatic evolution is also observed in spinels from lamproites 
(Mitchell and Bergman, 1991) and orangeites (Mitchell, 1995b). 
Minor element contents of Tapira magnetites are also consistent with magmatic 
evolution of the host rock. Thus, magnetites f rom phlogopite-picrites have the highest 
Ti02 (up to 16.8 wt. % ) , AI2O3 (up to 2.74 wt. % ) , MnO (up to 2.76 wt. %) and MgO 
(up to 9.95 wt. % ) , whilst magnetites in the SPS and carbonatites become progressively 
poorer in all minor elements, leading to compositions close to the ideal magnetite 
molecule. 
Figure in.6.3 further illustrates the compositional differences of the various 
groups of Tapira spinels, Both AI2O3 and MgO are highest in spinels f rom the dyke 
rocks. The spinels f rom the coarse-grained SPS rocks and carbonatites are Al-poor, but 
the MgO variation suggests that spinels in wehrlites and bebedourites are less evolved 
than those in carbonatites. Magnetites f rom the metasomatic reaction rock (see Chapter 
n) are plotted in Figure in.6.3 for comparison. These are nearly pure magnetite, 
occupying a small f ield near the origin of the diagram. The presence of abundant 
exsolved lamellae of ilmenite in these magnetites suggests that they are the product of 
low-temperature recrystallisation of primary titanomagnetites f rom the original 
ultramafic rock. 
In the system FeO-Fe203-Ti02 (Figure in.6.4), Tapira magnetites plot near the 
jo in of the magnetite-(titanomagnetite)-ulvospinel solid solution. Despite the partial 
overlap of the two compositional fields, most analyses f rom dykes and coarse-grained 
rocks plot in separate regions of the diagram. Magnetites f rom the SPS and carbonatites 
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can be distinguished from those in the phlogopite-picrites by their lower Ti02 and 
higher estimated Fe203 contents. The presence of fine-grained exsolution lamellae of 
titaniferous phases (ilmenite, titanomagnetite) in SPS magnetites suggests that they have 
been re-equilibrated at lower temperatures, hence their apparently more oxidised 
character and the lower Ti02 contents of the host grains, when compared with 
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Figure III.6.3 - AI2O3 and MgO variation (wt. %) of Tapira spinels with the differentiation 
of the host rock, chr = chromite; mt = magnetite. 
A potential limitation of the diagram in Figure III.6.4 is that it disregards the 
abundance of minor elements such as MgO, which may be important in this particular 
type of magnetites. For instance, Caspar and Wyllie (1983b) reported up to 10 wt. % 
MgO in magnetites f rom the Jacupiranga carbonatites and Dawson et al. (1996) found 
magnetites f rom the Kerimasi carbonatites to contain up to 13 wt. % MgO. Magnetites 
f rom Tapira carbonatites are not particularly Mg-rich (up to 3.33 wt. % MgO), but those 
in the associated silicate rocks can reach up to 9.95 wt. % MgO. The inset in Figure 
in.6.4 shows the trend of Tapira magnetites when MgO is added to the ternary variable 
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FeO. The linearity of the trend is substantially improved, due to the removal of the 
scatter produced by variable amounts of M g Fe^^ substitution. 
T i O . 
TiO, 









F e O FeO.FeA (Magnetite) (hematite, maghemite) 
Figure III.6.4 - Composition of Tapira Fe-Ti oxides in the system Ti02-FeO-Fe203 (mol. 
proportions). Circles = phlogopite-picrites + low-Cr dykes, "X" = SPS + carbonatites + 
reaction rock. The shaded field encompasses magnetites from the dyke rocks and solid line 
includes all other magnetites. The inset is a plot of the same analyses with MgO added to the 
FeO variable. 
111.6.2 - I L M E N I T E 
Whilst magnetite is a conspicuous mineral in Tapira rocks, ilmenite is relatively 
rare, and only a few analyses were obtained during the current research. Figure n.6.4 
shows that Tapira ilmenites are typically Fe203-poor, plotting adjacent to the FeO-Ti02 
side of the diagram. The isolated analysis plotting near the Ti02-Fe203 side is an 
exsolved lamella in magnetite f rom a wehrlite. 
The composition of ilmenite can be further described in terms of the end-
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The chemical characteristics of Tapira ilmenites (Figure in.6.6) are well within 
the compositional ranges commonly observed for carbonatite ilmenites and are similar 
to those of the Catalao carbonatite complex (APIP). The limited data suggests that they 
are slightly richer in M g than those f rom orangeites and slightly richer in M n than those 
f rom kimberlites (except Premier kimberlites), but any further interpretation must await 
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Figure III.6.5 - Composition of Tapira spinels in terms of Cr/(Cr+Al) and Ti/(Ti+Cr+Al), compared 
with spinels from other types of alkaline rocks. Compositional fields are after Mitchell (1995b). 
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Figure III.6.6 - Composition of Tapira ilmenites (solid circles) compared to those in other types of 
alkaline rocks, in terms of the main end-members ilmenite, pyrophanite and geikielite. Data for 
Cataldo ilmenites (solid-outlined, dark-shaded) is from Araujo (1996). Other fields as in Mitchell 
(1995b) and references therein. 
III.6.4 - SUMMARY 
• Cr-Fe-Ti oxide minerals occurring in the Tapira complex comprise chromite, 
magnetite and ilmenite. 
• The chemical composition of spinels is consistent with the differentiation stage of 
the host rock. Cr-Al-rich spinels are restricted to the least differentiated rocks 
(phlogopite-picrites and wehrlites). 
• Magnetite has a widespread occurrence, and may be Ti02- and MgO-rich. Variation 
in magnetite chemistry is compatible with magmatic differentiation processes, and 
consistent with patterns observed in other carbonatite complexes. 
• Magnetites f rom coarse-grained plutonic rocks were re-equilibrated at low 
temperature. 
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The composition of Tapira spinels is similar to those in lamproites and orangeites 
Tapira ilmenites are within the compositional range of ilmenites from other 
carbonatite complexes. 
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I I I . 7 - GARNET 
Yellow to dark-brown titanian garnet occurs in Tapira rocks, either as rims on 
perovskite crystals f rom the silicate plutonic rock series (SPS), or as discrete euhedral 
crystals in the dyke rocks. 
The structural formula of garnet can be expressed as X3Y2Z3O12, where X, Y 
and Z represent, respectively, dodecahedral, octahedral and tetrahedral cations. The 










Table III. 7.1 - Ideal end-member compositions of garnet 
Tapira garnets are Ca-rich (30.3 - 33.7 wt. % CaO), Al-poor (< 2.4 wt. % AI2O3) 
and Cr-poor (< 0.17 wt. % Cr203) and, therefore, classify as andradite-type. They also 
contain variable amounts of Ti02, ranging f rom 0.5 to 19.2 wt. %. Microprobe data are 
given in Appendix 2. Deer et al. (1992) further subdivide Ti-rich andradites into 
melanite and schorlomite, depending on whether Fe^^ or T i predominates in the 
octahedral site, with the l imit between them at approximately 15 wt. % Ti02. 
Alternatively, Henmi et al (1995) proposed the existence of a new titanian garnet end-
member, which they named morimotoite (Ca3Ti'^^e^^Si30i2). This is derived from 
andradite by the substitution of Ti"^^ + Fe^^ for 2Fe^ "^ . However, Fehr and Amthauer 
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(1996) and Rass (1997) argued that this mechanism is inconsistent with the existing 
Mossbauer and XPS evidence for the presence of both Fe^^ and Fe^^, as well as Ti"^^ and 
Ti^^, in this type of garnet. 
The valency state and preferential cation distribution of T i and Fe in Ti-rich 
garnets (Ti-andradite, melanite, schorlomite) remain a subject for debate (e.g. Malitesta 
et al, 1995; Rass, 1997). Several site-assignment alternatives have been suggested, 
invoking combinations of some or all the cations Fe^^, Fe^^, Ti"^^ and Ti^ "*", and involving 
the octahedral, tetrahedral and dodecahedral sites. Due to this controversy (see 
discussion below), the weight percentage of Ti02 is adopted here as a preferred 
classification criterion for Tapira garnets (Figure in.7.1). Most analyses fall below 15 
wt. % Ti02 in Figure III.7.1 and are therefore classified as melanites. A lesser number of 
schorlomitic garnets also occur. 
III.7.1 - C A T I O N DISTRIBUTION 
The crystal chemistry of Ti-rich garnets often deviates f rom the site occupancy 
that would be expected i f they were merely derived f rom andradite by Fe T i 
exchange (Huggins et al., 1977a). Melanites and schorlomites typically exhibit a Si 
deficiency in the tetrahedral site (i.e. Si < 3 cations per formula unit), although the sum 
of all tetravalent cations (Si -i- T i +Zr) usually exceeds the value of 3. The Si deficiency 
has been correlated with the low activity of Si02 in the system from which these garnets 
crystallised (Dingwell and Brearley, 1985). Furthermore, they are characterised by an 
excess in divalent cations (X) and a deficiency in trivalent cations (Y) . 
Due to these apparent inconsistencies, a straightforward application of the ideal 
formula X "^^ 3 Y^^2 Z % O n is not possible. However, the total number of cations per 
formula unit is usually close enough to the stoichiometry (8 cations per 12 oxygen) to 
suggest that mutual substitutions, rather than site vacancy, are responsible for the 
observed discrepancies. The cation assignment to each one of the different sites in T i -
rich garnets w i l l be discussed in the sections below. 
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Dodecahedral site occupancy 
In Tapira garnets, most of the dodecahedral site is occupied by Ca (2.82 to 3.08 
atoms p.f.u.), leaving little scope for substitution by other divalent cations. In a few 
cases Ca exceeds the stoichiometric value of 3 cations p.f.u., which leads to the 
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Figure IU.7.1 - Classification of Tapira garnets based on the TiOz fwf. %) content. 
excess Ca to octahedral positions. When Ca falls short of the ideal value of 3 cations 
p.f.u., possible alternatives to f i l l the dodecahedral site are Mn, Mg and Fe^ ^ (in addition 
to all available Na). The assignment of divalent cations to the dodecahedral site, after 
Ca and Na had been allocated, was made in the conventional order Mn > Mg (Piatt and 
Mitchell, 1979; Dingwell and Brearley, 1985). Although some authors have presented 
evidence for the existence of Fe^ ^ in the dodecahedral site of Ti-rich garnets (e.g. 
Kuhberger et al, 1989), this was not required here, because Mg always exceeds the 
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amount necessary to complete the soichiometric site occupancy. Hence, the excess Mg 
and all Fe^^ were assigned to the octahedral site. 
Tetrahedral site occupancy 
Most Tapira garnets do not have enough Si to f i l l all the tetrahedral positions 
(ideally 3 cations p.f.u.). Commonly suggested alternatives to complete the tetrahedral 
site in melanite garnets are Ap"^, Fe^ ^ and Ti"^ "^ , but the relative role of these cations and 
the substitution mechanisms remain a subject of debate. According to Huggins et al. 
(1977a) and Deer et al. (1992), the order of preference for tetrahedral occupancy, in 
addition to Si, must be Al > Fe^ "^  > Ti. Other authors argued that Al does not necessarily 
have the highest priority (e.g. Fe^ "^  > Fe^ ^ » Al = Ti, Locock et al., 1995). Despite 
existing evidence, from Mossbauer spectrometry, for the presence of tetrahedral Fe^ "^  
and Fe^^ in Ti-gamets (Huggins et al., 1911 a.; Dowty, 1971; Locock et al., 1995), 
several authors argue the case for Ti as a preferred, i f not exclusive, substitute for Si in 
tetrahedral positions (Howie and Woolley, 1968; Huggins et al., 1977b; Dingwell and 
Brearley, 1985). 
Figure III.7.2 shows the variation of the relevant cations with Si. Note that there 
is no correlation between Al and Si in Tapira garnets, while Fe^ ^ and Si show a positive 
correlation that effectively precludes mutual substitution. The excellent negative 
correlation between Si and Ti suggests that Ti"^^ o Si is the dominant substitution in the 
tetrahedral site. The poor fitting with the 1:1 substitution line in Figure in.7.2 is not 
unexpected, since Ti is present well in excess of the amount necessary to compensate 
for the Si deficiency and, consequently, some Ti must be in octahedral co-ordination. In 
fact, it is evident from the Figure that the maximum deviation from the 1:1 substitution 
line corresponds with the highest Ti contents. 
Howie and Woolley (1968) observed similar features in their study of Ti-rich 
garnets from several localities and concluded, on the basis of the highly significant 
negative correlation, that Ti is the main substitute for Si in the tetrahedral site. As at 
Tapira, these garnets have Ti in excess of that necessary to compensate for Si 
deficiency. 
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Figure III. 7.2 - Variation of Ti, Al and Fe^^ with Si(p.f.u.) in Tapira garnets. Note that Fe is 
positively correlated with Si and therefore is not likely to substitute for Si in the tetrahedral site. Al 
shows no significant correlation with Si, whereas Ti and Si have strong antipathetic correlation, r = 
correlation coefficient. Dashed lines indicate 1:1 substitution. 
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Given the mutual relations depicted in Figure III.7.2, Ti is considered the most 
likely substitute for Si in Tapira garnets. According to the recommendation of Howie 
and Woolley (1968) and Dingwell and Brearley (1985), Ti was assigned to tetrahedral 
positions until the completion of the stoichiometric requirements (i.e. ^^^Ti"^^ = 3 - Si). 
Since Ti + Si is always > 3 in Tapira garnets, all Fe^ "^  and Al , as well as the excess Ti 
were assigned to the octahedral site. 
Substitution of (04H4)'^ " for (Si04)'^ " (hydrogamet substitution) has been 
suggested (Locock et al., 1995; Amthauer and Rossman, 1998) as an alternative 
mechanism to account for Si deficiency in Ti-rich garnets and there is substantial 
evidence from infrared spectroscopy for the presence of H2O in andradite garnets 
(Muntener and Hermann, 1994; Locock et al., 1995; Amthauer and Rossman, 1998). 
Amthauer and Rossman (1998) pointed out that the hydrogamet substitution is 
temperature-dependent, since they obtained up to 6 wt. % H2O in garnets associated 
with low-temperature post-magmatic processes, but only 0.01 to 0.04 wt. % H2O in 
high-temperature garnets from volcanic rocks. 
The extent of hydrogamet substitution cannot be directly assessed on the basis of 
microprobe data alone, although it might be indicated by low analytical totals. 
Microprobe analyses of Tapira gamets often yield low totals, but these are only weakly 
correlated with Si deficiency. Furthermore, the presence of Fe^ "^  equally leads to low 
analytical totals, i f total iron is reported as FeO. When Fe203 is recalculated by 
stoichiometry and updated in the original analysis, the totals become very close to 100% 
and their correlation with the Si deficiency disappears completely. Hence, it is suggested 
that the hydrogamet substitution is not substantial in Tapira gamets. 
Finally, significant amounts of zirconium occur in Tapira gamets (up to 2.6 wt. 
% Zr02). Despite its tetravalent character and clear positive correlation with Ti, the 
presence of tetrahedral zirconium is considered unlikely, on the grounds of the large size 
of the ion Zr"^ "^  (Dowty, 1971). Piatt and Mitchell (1979) recommended the allocation of 
Zr to the octahedral position in Zr-rich gamets, although it is theoretically possible for 
Zr to enter the dodecahedral site as well. 
170 
CHAPTER I I I - MINERAL CHEMISTRY 
Octahedral site occupancy 
After completion of the dodecahedral and tetrahedral sites, Fe and Ti were the 
main remaining cations, with Zr, Mg, Al , Cr and, occasionally, Mn and Ca still 
available in subordinate amounts. Hence, the most important octahedral substitution is 
probably that of Ti for Fe^ .^ 
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Figure 7/7.7.5 - Variation of Fe^* with the sum of Fe^^ and octahedral Ti. The dashed line 
represents a 1:1 substitution. 
Octahedral Ti may be at least partially in trivalent form (e.g. Manning and 
Harris, 1970; Malitesta et al, 1995), leading to the substitution vector ^ ^ i ^ " ^ <=> 
^^^Fe^^ There are no means of evaluating the Tv''^n\^^ ratio from the electron 
microprobe data alone, but the best charge balances are obtained if all Ti is considered 
to be tetravalent and the amounts of Fe^ ^ and Fe^ ^ are estimated by stoichiometiy 
(Droop, 1987). These calculations indicate that Fe^ ^ is present in Tapira garnets, 
although in subordinate amounts. In this case, a possible substitution scheme in the 
octahedral site would be Fe^VTi"^^ <j=> 2Fe^ "^ . This seems to be a plausible model, given 
the strong negative correlation (Figure in.7.3) between the calculated Fe^ "^  and the 
combined amounts of Fe^ "^  and octahedral Ti (i.e. after deduction of tetrahedral Ti). 
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Note that the distribution fits well with the 1:1 substitution line, i f an average occupancy 
of 0.2 cations p.f.u. is assumed for the other elements in octahedral co-ordination. 
I I I .7 .2 - ZONING 
The chemical zoning of melanites and schorlomites is correlated with the optical 
and physical properties of the mineral (e.g. Howie and Woolley, 1968; Gomes, 1969; 
Dingwell and Brearley, 1985). In particular, the Ti content seems to have a strong effect 
on the colour, with higher Ti corresponding to the darker shades. Additionally, the 
increase in Ti is known to correlate positively with the refractive index, specific gravity 
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Figure III. 7.4 - Chemical variation of selected oxides (wt. %) in zoned garnets from Tapira. 
Solid circles = cores, open circles = rims. Arrows indicate core-to-rim. Vertical scale for all 
diagrams is wt. % Si02 
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A number of rim-core points of Tapira gamets were analysed. The results are 
presented in Figure in.7.4. There is a consistent pattem of variation, with the cores 
enriched in Ti, Mg and Fe^ "^ , and the rims enriched in Si, Fe^ ,^ and Ca. This corresponds 
to a colour change from dark, deep brown cores to light yellow rims. Apparently 
homogeneous individual crystals show a similar correlation between colour and 
chemical composition. Decrease in Ti, coupled with increase in Si from core to rim, is a 
commonly recognised feature of melanite and schorlomite gamets elsewhere (Howie 
and Woolley, 1968; Gomes, 1969). 
The sympathetic variation of Si with Fe and the antipathetic relation between Si 
and Ti from core to rim are in good agreement with the trends observed in Figure EI.7.2 
for the whole set of analyses. 
I I L 7 . 3 - MINOR ELEMENTS 
A number of minor and trace elements occur in measurable amounts in Tapira 
gamets. Na20 is usually present, but rarely exceeds 0.6 wt. %, whilst P2O5 may reach up 
to 0.83 wt. %. NiO and Cr203 are low (up to 0.10 and 0.16 wt. % respectively). A 
limited number of WDS analyses were carried out to investigate some other trace 
elements. According to this preliminary data set, Zr02 may be as high as 2.63 wt. % and 
Nb205 may reach up to 0.3 wt. %. The sum of the oxides of La, Ce, Nd and Gd reaches 
up to 0.22 wt. % and there appears to be a relative enrichment towards the heavier REE. 
CuO and ZnO are usually below detection, exceptionally reaching 0.24 and 0.29 wt. %, 
respectively. In zoned grains, Nb, Zr, P and possibly the REE are enriched in the dark-
coloured cores. A more thorough investigation of the trace element distribution in 
Tapira gamets, especially regarding Zr, Nb and the REE will be carried out in the future. 
i n . 7 . 4 - OXYGEN FUGACITY 
The presence of melanite and/or schorlomite has been interpreted as indicative 
of low oxygen fugacities (Huggins et al, 1977b; Dawson, 1989; Dawson et al., 1995). 
Kuhberger et al. (1989) studied the Mossbauer spectra of Ti-gamets synthesised at 
different oxygen fugacities. They concluded that gamets formed at relatively low 
oxygen fugacity (controlled by the IQF = Iron+Quartz/Fayalite buffer) contained Fe^ "^  as 
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well as Fe^ "^  and that both cations were distributed over the octahedral and tetrahedral 
sites. On the other hand, garnets formed at relatively high oxygen fugacity (NNO = 
Nickel/Nickel Oxide buffer) showed absorption peaks for Fe^ "^  only, with most of the 
Fe^ "^  (ca. 90%) present in octahedral, rather than tetrahedral sites. 
If all titanium in Tapira garnets is assumed to be tetravalent, then the charge-
balance recalculation of Fe into Fe^ ^ and Fe^ ^ results in a significant predominance of 
the trivalent species, although some Fe^ "^  is often present. The Fe^V(Fe^VFe '^^ ) ratio 
ranges from 0 to 0.26 (exceptionally 0.33). 
III .7 .5 - ORIGIN OF TI -RICH GARNETS 
Ti-rich garnets are typical of alkaline rocks (e.g. Keep and Russell, 1992; 
Dingwell and Brearley, 1985; Huggins et al, 1977a), especially those with a high 
degree of silica undersaturation, and may occur as a primary or metasomatic phase 
(Flohr and Ross, 1990; Ulrych et al., 1994). According to Mitchell (1996b) schorlomite 
and Ti-rich andradite are common products of sub-solidus reactions in melilitolite 
complexes. Piatt and Mitchell (1979) considered Zr-rich titanian garnets as intimately 
associated with (and indicative of) magmatism of carbonatitic affinity. 
Flohr and Ross (1989) described Ti-rich garnets of both magmatic and 
metasomatic origin in ijolite xenoliths from Magnet Cove, Arkansas. The passage from 
magmatic to metasomatic garnet is marked by progressive increase in Fe^ "^  and decrease 
in Ti. Some of these metasomatic garnets may have up to 3.5 wt % F. 
Two textural varieties of garnet are present in Tapira rocks (Chapter II). One is 
interpreted as product of early-stage magmatic crystallisation, occurring as discrete 
crystals in low-Cr dykes and in wehrlites and bebedourites of the B2 unit. The other 
variety is clearly of late-stage origin and occurs as a coating on perovskite in wehrlites 
and bebedourites of both B l and B2 units. The main chemical differences between 
primary and late-stage garnets from Tapira are the higher Si02, MgO and Zr02 of the 
former. 
Ti-rich members of the andradite-schorlomite series have often been considered 
of magmatic origin, whilst Ti-poor andradites have, in many cases, been related to 
metamorphic or metasomatic settings (Deer et al., 1992; Dingwell and Brearley, 1985). 
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This is in contrast with the observations from Tapira, where the late-stage garnet 
replaces perovskite, and is Ti-rich, while the primary zoned gamets may develop strong 
Ti depletion towards the rims. 
The melanite coatings on perovskite from the B l unit suggest that an increase in 
silica activity took place after most of the bebedourite had crystalhsed, resulting in the 
replacement of the primary perovskite by Ti-rich gamet. It seems unlikely that this 
reaction was associated with metasomatism, since other minerals in the wehrlites and 
bebedourites do not show signs of metasomatic alteration. This feature is better 
explained by the increase of silica activity in the residual (intercumulus) liquid. The lack 
of a recognisable trend of chemical evolution in this variety of gamet, within the SPS, is 
consistent with its late-stage origin. 
The presence of melanite gamet (rather than perovskite) as the main Ti mineral 
crystallising in some low-Cr dykes and B2 plutonic rocks also suggests an increase in 
the activity of silica in the system, relatively to B l and phlogopite-picrites. Furthermore, 
the zoning pattems of primary gamet indicate a relatively late episode of Ti and Zr 
depletion. This could be related to the crystallisation and removal of specific Ti or Zr 
minerals. For instance, zirconolite is present in pegmatitic bebedourites and in some 
carbonatites; but is relatively rare; zircon is a common accessory, in syenites. Which 
mineral phase could be associated to the sudden Ti depletion in the crystallising gamet 
is not clear. On the other hand, the zoning of melanite suggests a sharp, rather than 
gradational change in the composition of the magma with respect to Ti and Zr and may 
have been produced by liquid immiscibility processes. 
i n . 7 . 6 - SUMMARY 
• Both early- and late-stage Ti-rich gamets (melanites and schorlomites) occur in the 
Tapira complex. Primary magmatic gamets form euhedral, zoned, discrete crystals 
in low-Cr dykes and in plutonic rocks of the B2 unit. Late stage gamet occurs as 
coatings on perovskite, in wehrlites and bebedourites of the B l and B2 units. 
• Ti , rather than Al or Fe, seems to be the predominant substitute for Si in the 
tetrahedral site. 
• A preliminary survey of trace elements by WDS microprobe analysis revealed the 
175 
J. A . BROD 
presence of significant amounts of Zr (up to 2.63 wt. % ZrOi). This is a common 
feature of Ti-gamets associated with carbonatite magmatism. Other elements present 
in measurable amounts are Na, P and the REE. This restricted data set suggests a 
relative enrichment in the heavier REE. 
The melanite-schorlomite rims on perovskite crystals are interpreted as the product 
of reaction of the early perovskite with a Si02-enriched residual liquid. 
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I I I . 8 - A L K A L I FELDSPARS 
Alkali feldspar is an essential constituent of Tapira syenites and of the fenites 
surrounding the complex. Its occurrence in other Tapira rock-types is very restricted, but 
it may be present as a late phase in bebedourites of the B2 unit, as discrete grains and 
inclusions in apatite from low-Cr dykes and in feldspathic globules within C2 
carbonatites (see Chapter 11). Plagioclase feldspars were not found in any of the studied 
rock-types. The microprobe analyses carried put during this research included mainly 
feldspars from syenites and fenites, with the. aim of recognising possible chemical 
differences between them. Table EH.8.1 shows the compositional ranges of alkali 
feldspar in syenites and fenites, together with two analyses of feldspar from a low-Cr 
dyke. The latter, although extremely rare, are important from a petrogenetic point of 
view, since they probably represent the earliest feldspars crystallised in the complex. 
The complete set of mineral analyses and chemical formulae can be found in Appendix 
n. ' 
Figure III.8.1 shows the classification of Tapira feldspars in the ternary system 
orthoclase - albite - anorthite. The analyses span a wide range of compositions along the 
Or-Ab line, always at very low An content. "Feldspars from syenites have a much 
Syenites Fenites low-Cr dykes 
(range) (range) inclusion in 
apatite 
groundmass 
Si02 60.98-64.62 63.93-67.94 64.79 62.65 
AI2O3 17.31-18.99 18.13-19.42 17.05 16.55 
Fe203T 0.04-1.76 0.11-0.80 0.71 2.83 
MnO 0.00-0.08 0.00-0.06 0.02 0.00 
MgO 0.00-0.15 0.00-0.09 0.10 0.84 
BaO 0.40-2.53 0.03-0.68 0.07 0.00 
CaO 0.00-0.07 0.00-0..01 0.67 0.23 
NSL2O 0.06-0.79 0.48-9.05 0.10 0.05 
K2O 14.11-16.58 2.43-15.77 14.21 14.80 
Total 97.72 97.95 
Table 111.8.1 - Composition of Tapira feldspars. Fe203T = Total iron 
expressed as Fe203. 
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narrower compositional range than those from fenites, clustering near the Or apex 
(always > 90 mol % of the Or component). Feldspars from fenites have a substantial and 
highly variable Ab component (5 to 85 mol %) . The only feldspars where the An 
component is not negligible are those in the low-Cr dykes. However, Fe203T and MgO 
are also slightly high in these analyses (e.g. Table HI.8.1), suggesting that these figures 
may result from some beam overlap with pyroxene in the fine-grained groundmass of 
the dykes. The high Ca content of the feldspar inclusion in apatite may result of ove 
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Figure III.8.1 - Classification of Tapira feldspars with respect to the end members albite (Ab), 
orthoclase (Or) and anorthite (An). After Deer et al. (1992). 
Besides the relative proportion of the orthoclase and albite end-members, 
different feldspar generations can be distinguished on the basis of their Ba content 
(Figure in.8.2). Feldspars from syenites show much higher barium contents than those 
from fenites. Feldspars in low-Cr dykes can be distinguished from those in the syenites 
by their lower Ba. 
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The observed chemical differences between magmatic and metasomatic 
feldspars in the Tapira complex are important in investigating the origin of trachytic and 
syenitic rocks associated with carbonatite-bearing complexes in the APIP. Haggerty and 
Mariano (1983) interpreted feldspathic dyke rocks associated with the carbonatite 
complexes of Salitre I (APIP) and of Sarambi and Chiriguelo (Paraguay) as 
"rheomorphic fenites", containing sanidine with high iron contents (~ 0.7 wt. % Fe203) 
but low Na20 (~ 1.2 wt %) and BaO (~ 0.6 wt. %) . The study of some of these dykes 
(from the Salitre complex) during the current research (Chapters n and IV) suggests 
that they are magmatic rocks, rather than rheomorphic fenites. Carvalho (1974) 
described a rock of syenitic composition from Catalao and favoured a metasomatic 
origin for it, on the basis of field and petrographic observations. Unfortunately, analyses 
of feldspars in syenitic rocks are not available from the Catalao complex. 
Orthoclase and/or albite of nearly pure composition are commonly observed in 
fenites associated with carbonatite magmatism (Le Bas, 1989). Accordingly, the 
restricted, near-end-member composition of alkali feldspars has often been taken as an 
indication of their metasomatic origin. Araujo (1996) pointed out that feldspars from 
phlogopitites in the Catalao complex are nearly pure orthoclase (Or 99.9-98.5 mol %) 
and interpreted them as product of fenitisation. Caspar (1989) also described nearly pure 
orthoclase (> 90 mol % Or) as a metasomatic phase in the Jacupiranga complex, 
together with nearly pure albite. 
On the other hand, Morbidelli et al. (1995) reported primary orthoclase of 
restricted composition from the Brazihan alkaline complexes of Juquia, P090S de 
Caldas and Banhadao. Furthermore, Flohr and Ross (1990) studied Ba-rich feldspars in 
syenites from Magnet Cove, Arkansas, concluding that the earliest-formed feldspars in 
the syenites were Ba-rich, while late-stage and metasomatic feldspars were Ba-poor. In 
that case, the zoning patterns in magmatic feldspars indicate that the decrease in Ba is 
accompanied by an increase in the proportion of the Or molecule. The Ba-poor 
metasomatic feldspars from Magnet Cove may be microperthitic, with variable Na 
content. 
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Figure 111.8.2 - Variation of Ba against Na content (atoms per formula unit) of different feldspars 
generations from Tapira. Fields for syenite and fenite feldspars are indicated. Feldspars from low-Cr 
dykes (crosses) plot near the origin of the diagram. 
In Tapira, the origin of the feldspathic rocks can be determined from field, 
petrographic and chemical evidence. For instance, syenites often occur as clearly 
igneous bodies, such as small intrusions emplaced well away from the contact of the 
complex with the country rock (Chapter I). The trace-element composition of these 
rocks (Chapter IV), as well as the chemical composition of minerals such as phlogopite 
and pyroxene (see the relevant sections in this Chapter) further emphasise their 
magmatic provenance. On the other hand, typical feldspathic fenites do occur near the 
margins of the Tapira complex and are clearly transitional into the quartzitic country 
rock. The chemical and petrographic properties of these rocks leave no doubt of their 
metasomatic origin, in contrast with the magmatic affiliation of the SPS syenites. 
Interestingly, some of the chemical characteristics of metasomatic feldspars, 
previously described from other APIP and Paraguayan carbonatite complexes (see 
above) are in disagreement with the properties observed in Tapira. For instance, instead 
of clustering near the pure Ab and Or end-members, feldspars from Tapira fenites span 
a wide range of composition in the albite-orthoclase series. This most likely reflects the 
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existence of several generations of metasomatic feldspars, formed over a prolonged 
period of hydrothermal activity. Such process would favour the partial substitution of 
previously formed feldspar grains by new, compositionally distinct feldspars. This is 
consistent with the common occurrence of substitution perthites in Tapira fenites 
(Chapter 11). Magmatic feldspars, on the other hand, show restricted composition in 
terms of Na and K but have a distinctively wider range of minor element contents, such 
as Ba and Fe. 
It should be stressed, however, that the chemical characteristics of igneous and 
metasomatic feldspars vary substantially between different carbonatite-bearing 
complexes, as discussed above. These variations are probably constrained by 
petrogenetic peculiarities of each complex, such as differences in the partition 
coefficients of trace-elements between feldspar and liquid or between immiscible 
liquids. Therefore, whilst clearly distinguishing between different feldspar generations 
in Tapira, these criteria are not necessarily applicable elsewhere. 
III .8 .1 - SUMMARY 
• Feldspars have restricted occurrence in the Tapira complex, despite the relative 
textural diversity. Feldspars of magmatic origin are the major constituents of the 
syenites and also occur as rare discrete crystals and inclusion in apatite from the 
low-Cr dykes. Feldspars of metasomatic origin occur in the fenites surrounding the 
complex. 
• Magmatic and metasomatic feldspars from Tapira can be distinguished on the basis 
of their chemical composition, as well as field and petrographic evidence. 
• The wide variation of metasomatic feldspars along the Or-Ab series can be 
explained by prolonged hydrothermal activity, perhaps involving several stages of 
feldspar crystallisation. 
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I I I . 9 - CARBONATES 
A widely recognised characteristic of calcite and dolomite from carbonatites and 
related rocks is their high content of trace elements, especially Sr, Ba, and REE, when 
compared with carbonates of sedimentary or hydrothermal origin. Barker (1993) pointed 
out that textural evidence is often ambiguous and the trace-element content of the 
carbonates should be taken (usually in conjunction with isotope data) as the best 
indication of their magmatic origin. 
III .9 .1 CHEMICAL FEATURES OF CARBONATES FROM CARBONATITES 
After the comprehensive work published by Quon & Heinrich (1966), who 
studied over 150 carbonate samples of carbonatites from several localities world-wide, 
carbonate minerals have only fairly recently received renewed attention (Wall et al., 
1993; Woolley & Buckley, 1993; Zaitsev & Polezhaeva, 1994; Dawson et al., 1996; 
Zaitsev, 1996). The following chemical features are often reported: 
Significant amounts of Sr are an undisputed characteristic of carbonatite calcites 
and dolomites. SrO is often present in excess of 1 wt. % and Wall et al. (1993) reported 
up to 13 wt. % SrO in carbonatite calcites from Rajasthan, India. Experimental evidence 
(Carlson, 1980) indicates that Sr content increases with temperature and the exsolution 
of Sr-rich phases from calcite during subsolidus re-equilibration has been observed in a 
number of locahties (e.g. Wall et al., 1993; Dawson et al., 1996). 
Magnesium is present in magmatic calcite in significant amounts (Quon & 
Heinrich, 1966), although this feature is shared with some carbonates of sedimentary or 
metamorphic origin. MgO contents of up to 3 wt. % are relatively common in 
carbonatite calcites (e.g. Ting et al., 1994). Zaitsev & Polezhaeva (1994) have detected a 
decrease in Mg content of calcite from Kovdor (Kola Peninsula), in the neighbourhood 
of lamellae of exsolved dolomite. Ting et al. (1994) identified the presence of both clear 
(characterised by higher Mg and Fe) and "pitted" calcite inclusions in apatites from 
Sukulu, Uganda. They interpret the clear calcite inclusions partly as early-formed 
(before apatite) crystals and partly as melt inclusions, on the basis of heating 
experiments. The pitted, low-Mg calcite is interpreted as associated with post-magmatic 
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processes. Caspar (1989) also found exsolutions of dolomite in calcite from the 
Jacupiranga complex, but in that case they appear to be rare, at least on the scale of 
optical microscopy. 
High manganese is considered a typical feature of calcites from carbonatites (Le 
Bas et al, 1992; Dawson et al, 1996), although low-Mn calcites have equally often 
been reported (Barber, 1974; Stoppa & Cundari, 1995), and Woolley et al. (1995) found 
the MnO contents of calcites from the Bingo carbonatite to be considerably variable. 
Zaitsev (1996) reported calcite containing MnO in excess of 5 wt. % in carbonatites 
from the Khibina Massif, recognising two different varieties. The first is associated with 
a late-stage carbonatite but has primary features, such as zoning and subhedral contours. 
The other variety has a clearly secondary origin, and can be distinguished from the 
primary Mn-calcite by its lower Sr content. It should be noted that calcites from the 
earliest carbonatite stages in JChibina are Mn-poor and Sr-rich. Both Mn and Fe contents 
in carbonatite calcites are likely to depend on the presence or not of associated dolomite, 
since Fe and Mn are preferentially partitioned to the latter (Dawson et al., 1996; Caspar, 
1989). The presence of associated oxide phases such as magnetite will also affect the Fe 
and Mn distribution. 
High barium (and strontium) contents have been suggested by Quon & Heinrich 
(1966) as the best chemical evidence of the magmatic origin of carbonates. However, 
whilst the high-Sr character is undisputed, barium enrichment is not observed so often. 
Dawson et al. (1996) found barium to be below the detection limit of the electron 
microprobe in all their samples of African carbonatites. Very low Ba contents are also 
reported for calcites and especially dolomites from many other carbonatites (e.g. Caspar, 
1989; Ting et al., 1994). Furthermore, the progressive enrichment of Ba in the residual 
liquid with the magmatic evolution of carbonatites, and the frequent occurrence of barite 
in late-stage carbonatites (Woolley & Kempe, 1989; Le Bas, 1987, 1989) suggest that 
Ba is not removed from the melt on a large scale by crystallisation of carbonates. 
However, even an amount of 0.1 wt. % Ba in a carbonate from carbonatite would still be 
substantially higher than the contents of sedimentary carbonates (Quon & Heinrich, 
1966) 
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111.9.2 - VARIATIONS IN CARBONATE WITH MAGMATIC EVOLUTION 
A general consensus exists that Sr-rich calcite is the first carbonate to crystalhse 
in most carbonatite complexes. In some extreme cases calcite may be absent, and 
carbonates of the magnesite-siderite series may occur in association with dolomite-
ankerite (Woolley & Buckley, 1993). This requires the Mg:Ca ratio of the liquid to be 
higher than 1 (i.e. higher than in dolomite), which does not appear to be true for the 
majority of carbonatites. 
During carbonatite fractionation, calcite is generally followed by dolomite and, 
at a later stage, ankerite. This results in a magmatic progression in the direction 
calciocarbonatite-magnesiocarbonatite-ferrocarbonatite. Although very common, this 
sequence is not universally observed. Le Bas (1989) draws attention to the influence of 
oxygen fugacity on the crystallisation order, stating that more oxidised magmas will 
favour the partition of Fe to magnetite (thus stabilising the Mg-carbonate), whilst low 
Fe^ :^Fe^ ^ ratios will result in formation of Fe-rich carbonate, and may lead to an 
inversion in the order of appearance of dolomite and ankerite. 
According to this model, an evolving carbonatite liquid will initially produce 
calciocarbonatite (sovite), but the remainder of the differentiation sequence will depend 
on the oxygen fugacity. If it is low enough, magnesiocarbonatite may not form 
(differentiation ends at ferrocarbonatite). On the other hand, if it is excessively high, 
ferrocarbonatite could be suppressed from the fractionation sequence. In any case, the 
concentration of incompatible elements towards the latter stages often produces 
concentrations of REE, fluorine, barium, uranium and thorium in the final 
differentiation products. 
The chemical composition of each carbonate species also varies during 
carbonatite evolution. Calcite becomes progressively depleted in trace elements with 
decreasing temperature, tending towards the ideal CaCOs end-member in the later 
stages. Dolomite is also progressively depleted in Sr (Zaitsev, 1996), but instead of 
becoming closer to the MgCa(C03)2 end-member, dolomite tends to depart from it with 
differentiation of carbonatite, showing iron enrichment in the later stages, (e.g. Secher & 
Larsen, 1980; Woolley & Buckley, 1993) 
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III .9 .3 - M I N E R A L CHEMISTRY OF TAPIRA CARBONATES 
Calcite is by far the most abundant carbonate mineral in Tapira. It is the obvious 
essential component of the sovites and dolomite-sovites, as well as an important 
constituent of the groundmass and carbonate patches and ocelli found in phlogopite-
picrites and low-Cr dykes. Dolomite and ankerite come next in abundance, and are 
present in dolomite-sovites, beforsites and some low-Cr dykes. Dolomite is also the 
main carbonate species in the banded metasomatic rock described in Chapters I and n 
("reaction rock"). Ba-, Sr- and REE-carbonates are relatively rare, having been 
identified in this research only as exsolutions in calcite. The composition of calcite, 
dolomite, ankerite and strontianite from Tapira rocks was determined by electron 
microprobe. Their composition ranges are given in Table III.9.I and Figure in.9.1. The 
complete set of analyses can be found in Appendix 2. The main compositional 
characteristics of each type of carbonate are described in the following sections 
C a C O a 
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Figure 1II.9.1- Composition variation (mol %) of carbonates (except Ba and Sr 
carbonates) from the Tapira Complex. Squares = calcite, circles = dolomite, X = 
ferroan dolomite and triangles = ankerite. Note the excess CaCOj in some of the 
dolomite-ankerite series carbonates, and the calcite trend along the CaCOj -MgCOs 
side of the triangle. 
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Calcite 
Calcite occurs in the studied rocks as two textural varieties with distinct 
chemical composition. Early calcite typically consists of crystals with a clear 
appearance, and contains significantly high amounts of SrO (up to 4.33 wt. %) and MgO 
(up to 1.3 wt. %) . Cooling (or, alternatively, interaction with late-stage 
hydro/carbothermal fluids) causes the primary calcite to recrystallise and exsolve most 
of the minor components in the process, giving origin to a second (late-stage) generation 
of calcite. This has a distinctive "cloudy" appearance conferred by numerous micro-
inclusions of exsolved minerals set in a close-to-ideal calcite host. 
Strontianite and opaque minerals are the most common exsolution types, but 
qualitative EDS microprobe analysis also revealed the presence of Ba carbonates and 
REE-rich minerals. In most cases the small grain size of the exsolutions precludes 
quantitative microprobe analysis, especially because of the larger beam-size used to 
avoid damage to the carbonate (see Appendix 1). The substantial depletion of the 
recrystalHsed host calcite in trace elements is illustrated (for Sr and Ba) in Figure III.9.2. 



























































Table 111.9.1 - Average and range (in brackets) of various carbonates from Tapira, analysed by electron 
microprobe. . Data are in wt. % oxide and include analysis for all rock types. BD = below detection limit. 
(*)=semi-quantitative analyses. 
Similar exsolutions of trace-element-rich minerals in carbonatite calcites have 
been observed by Dawson et al. (1996) for the carbonatites of Panda Hill (Tanzania) and 
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Tundulu Hill (Malawi). Those authors describe two separate generations of calcite. As 
in Tapira, the first generation consists of clear, Sr-rich crystals, whereas a later 
generation comprises "cloudy", low-Sr calcite containing exsolved strontianite. 
Care must be exercised to avoid confusion between the rather sudden depletion 
caused by subsolidus exsolution and the more gradual changes in the trace-element 
abundance expected to derive from magmatic evolution. As Figure in.9.2 shows, even 
calcites where exsolved minerals are apparently absent (therefore interpreted as primary 
calcite) show a gradual progression towards a purer CaCOs. This is interpreted as a 
magmatic feature, in contrast with the abrupt "jump" of calcite to a depleted 
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Figure III.9.2 - Compositional variation of clear (primary) and "cloudy" (recrystallised) calcite from 
Tapira carbonatites. 
The following discussion of the magmatic evolution of Tapira calcites will be 
based solely on the chemical characteristics of early (clear) calcites, as this is the variety 
that crystallised directly from the carbonatite liquid. 
The studied calcites contain relatively moderate amounts of magnesium (up to 
2.5 wt. % MgO), and high contents of strontium (up to 4.33 wt.% SrO). Iron is not 
particularly high in most samples, despite the 2.4 wt.% FeO maximum in Table III.9.1. 
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Manganese is generally low (below 0.8 wt.% MnO). From Figure in.9.1 it is clear that 
Tapira calcites do not follow a strong Fe-enrichment trend. Instead, most analyses plot 
along the calcite-magnesite side of the triangle, except for some calcites from late-stage 
carbonatites. 
Compositional differences between early and late-stage crystals (e.g. phenocrysts 
and groundmass) are not readily recognisable in most Tapira rocks, due to their overall 
coarse-grained equigranular texture. In some carbonatite dykes, however, the presence 
of tabular, euhedral calcite phenocrysts set in a fine-grained groundmass of calcite and 
dolomite allows the study of such compositional variations. Microprobe results for 
phenocrysts and groundmass carbonates in a dyke of dolomite-sovite from the C2 unit 
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Figure III. 9.3 - Variation trends of phenocrysts and groundmass calcite in a dolomite-sovite dyke. 
The phenocrysts show an initial increase in iron and magnesium but this trend is reversed at 
approximately half-way, leading to compositions progressively depleted in all trace-elements. The 
isolated, high-magnesium analysis of groundmass calcite may be the result of overlap of the electron 
beam with the adjacent groundmass dolomite. 
The evolution trend of phenocrysts shown in the diagram is a composition of 
analyses of various individual phenocrysts, rather than a chemical profile on a single 
grain, but pairs of core-rim analyses are in good agreement with this general trend. The 
earliest calcites are rich in Ba and Sr, but not necessarily in Fe and Mg. In fact, there 
appears to be an initial increase in Mg and Fe, whilst Sr and Ba progressively decrease. 
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At a later stage, presumably coinciding with the onset of dolomite crystalhsation, the 
calcite phenocrysts show a trend of progressive depletion in all minor elements, 
eventually leading towards the crystalUsation of a carbonate very close to an "ideal" 
CaCOs. It should be noted that the second leg of the trend overlaps the composition 
range of the groundmass calcite. 
The suggestion that the observed inflection in the calcite phenocryst trend 
coincides with the onset of dolomite crystalhsation is supported by: (a) the actual 
presence of dolomite, in the groundmass; and (b) the widely accepted concept that Fe 
partitions preferentially to dolomite instead of calcite (e.g. Caspar, 1989; Zaitsev & 
Polezhaeva, 1994; Dawson et al, 1996). 
There is also a marked variation in calcite composition between the individual 
carbonatite units (CI to C5) in the Tapira complex. If samples are considered 
individually, the evolution trends are masked by composition overlaps but, i f the 
average calcite composition for each group is considered, some regular variations can be 
observed (Figure in.9.4). The average composition of calcite seems to bear a direct 
relation with sample location in the complex (and possibly with intrusion age). 
Although carbonatites C3 and C4 are not spatially related, their calcites are very 
similar in composition. These two carbonatite bodies also share some similarities in 
whole-rock geochemistry (Chapter IV) and in the mode of occurrence (small intrusions 
at the margins of the complex). Because of these similarities calcites from the two units 
are plotted together in Figure in.9.4. The vertical scale of the diagram is arbitrary. 
On average, calcites from the central body of carbonatite (CI) have the highest 
MgO, BaO and SrO contents. These elements decrease in abundance through C2 to C4 
and are lowest in C5. FeO and MnO also decrease from CI to C4. Carbonatites from the 
C5 unit, comprising small late-stage dykes and veinlets, do not follow this trend. The 
reason for this may be enrichment of the residual liquid in Fe and Mn. Ankerite or Fe-
dolomite are often associated with alongside calcite in C5 rocks, suggesting late-stage 
enrichment in Fe and Mn, which is a well-known feature of carbonatite complexes. 
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Figure 111.9.4 - Chemical variation of calcites from different carbonatite bodies in Tapira. The 
vertical scale is arbitrary and intended to represent the relative progression of the groups in age 
(Cl= oldest). Error bars are average ± 1 standard deviation 
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Although MgO, FeO and MnO all decrease in calcite from CI to C4, the ratio 
MgO/(MgO-f-FeO+MnO) increases initially from CI to C2. This is in keeping with the 
initial enrichment observed in the phenocrysts (Figure in.9.3). After the onset of 
dolomite crystallisation (in C2), this ratio decreases steadily to the end. 
Assuming that high-temperature calcite is more likely to accept substitution of 
other divalent ions for Ca^^ it seems that the carbonatites of the central CI body were 
formed at the highest temperatures, whilst the external C3 and C4 carbonatite dykes 
crystallised at lower temperature. Alternatively, the observed trends may indicate that 
the various generations of carbonatites crystallised from different liquids, progressively 
depleted in the relevant components. Sr and Ba do not show significant variation 
relative to each other in calcites from different intrusions, as shown by nearly constant 
SrO/(SrO-hBaO) ratio in Figure m.9.4. 
Calcite also occurs in the groundmass and carbonate patches in phlogopite-
picrite and low-Cr dykes. A progressive variation in calcite composition is observed, 
with the calcite from phlogopite-picrites showing higher Sr and Ba contents than that 
from low-Cr dykes. Compared with carbonatites, calcites from the ultramafic dykes are 
intermediate between C2 and C3+C4. Calcite in some low-Cr dykes shows marked 
enrichment in iron, and may be associated with ankerite rather than dolomite. 
Dolomite and ankerite 
Carbonates of the dolomite-ankerite series are relatively rare in CI carbonatites, 
but become an increasingly important constituent in the C2 dolomite-sovites and 
associated dykes, in C5 late-stage dykes and veinlets, and in the groundmass and 
carbonate pockets (ocelli) in low-Cr dykes. Dolomite is also an essential constituent of 
the metasomatic products developed at the contact between ultramafic silicate rocks and 
the CI intrusion ("reaction rock", see chapters I and 11). As observed for calcite, 
dolomite may occur as "cloudy" crystals , peppered with micro-inclusions, although this 
phenomenon is less common in dolomite. 
The composition of dolomites and ankerites from Tapira is represented in Figure 
in.9.1. The limit between dolomite and ankerite adopted here is that suggested by Deer 
et al. (1992), i.e. carbonates with Mg/Fe ratio < 4:1 are classified as ankerite. The 
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earliest formed magmatic dolomites are those in CI and C2, and typically have 
considerable amounts of strontium (up to 1.8 wt. % SrO), combined with low contents 
of Fe and Mn. Dolomites of later stages become progressively Fe-rich (Fe-dolomite), 
and eventually give way to the formation of ankerite. The enrichment of Fe and Mn, 
relatively to Mg, in late-stage carbonates has been observed in other carbonatite 
complexes (e.g. Secher & Larsen, 1980; Woolley & Buckley, 1993). In Tapira this 
coincides with a sharp decrease in the Sr content (Figure III.9.5). 
The metasomatic dolomites of the reaction rock are a remarkable exception. 
Despite being clearly of secondary origin, they show surprisingly high Sr content, 
coupled with high Mg/(Mg+Fe+Mn). Their Sr concentrations are even higher than the 
earliest magmatic dolomites of CI and C2. A striking difference, however, resides in the 
fact that the metasomatic dolomites are also Ba-rich (up to 1.7 %) , whilst the primary 
dolomite usually has much lower Ba. The only other dolomites from Tapira with BaO 
higher than 0.2 wt. % occur in late-stage veins and small dykes. This Ba enrichment is 
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Figure III. 9.5 - Sr variation of dolomites of all rock type from Tapira. Note that the more evolved 
dolomites and ankerites are enriched in Fe and Mn and have the lowest Sr. 
On the other hand, this metasomatic dolomite does not show the typical iron 
enrichment of other late-stage dolomites in the complex. The presence of abundant 
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magnetite in the reaction rock suggests a relatively high oxygen fugacity, which would 
tend to stabilise an iron-poor carbonate. 
The low-Cr dykes seem to have the most evolved magmatic carbonates of the 
dolomite-ankerite series. These occur in the groundmass and in small carbonate-rich 
pockets. The dolomite is clearly enriched in iron, varying from Fe-dolomite to more 
frequent ankerite. Sr (Figure in.9.5) and Ba contents are usually very low. 
In Figure III.9.1 it was seen that some dolomites and ankerites deviate from the 
ideal composition towards CaCOs enrichment. According to Deer et al. (1992), high-
temperature dolomite can have up to 5 mol % of excess CaCOs. In Tapira, however, this 
does not seem to be restricted to early-crystalhsing phases. 
Exsolved phases in carbonate minerals 
Sr-, Ba- and REE- rich phases were identified by qualitative EDS microprobe 
analysis and occur as inclusions in calcite and, less often, in dolomite. These result from 
the subsolidus re-equilibration of primary carbonates, with exsolution of trace-element-
rich phases (e.g. Figure III.9.3). 
0 
Semi-quantitative analyses are given for strontianite in Appendix 2. Strontianite 
from Tapira is rich in barium (up to 18.6 wt. % BaO) as well as in calcium (up to 18.4 
wt. % CaO). The complete solid solution in the system BaCOs - SrCOs has been 
synthesised in experiments (e.g. Chang, 1971) and Ba substitution for Sr is common in 
natural strontianites (Deer et al., 1992). The high Ba contents of the exsolved 
strontianite suggest that Ba, as well as Sr, is enriched in the early-formed calcites. This 
agrees with the variation observed in Figures in.9.3 and in.9.4. 
III .9.4 - CARBONATE THERMOMETRY 
The increase, with temperature, in the solubility of magnesium (Goldsmith & 
Newton, 1969; Bickle & Powell, 1977; Powell et al., 1984; Anovitz & Essene, 1987) 
and strontium (Chang, 1965, 1971; Carlson, 1980) in calcite, and the corresponding 
phase equilibria, have been used to devise various geothermometers. It should be 
stressed that the application of geothermometers based on microprobe analysis of 
carbonates may be difficulted by the need to use of a defocused electron beam that may, 
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potentially, overlap exsolved phases or inclusions. Also, carbonates are highly 
susceptible to subsolidus transformations and metasomatic alteration, which are 
extremely common processes in carbonatite complexes. Furthermore, if dolomite is 
exsolved from calcite during coohng, this will affect the temperatures calculated from 
the calcite-dolomite geothermometer (Zaitsev & Polezhaeva (1994). 
Zaitsev & Polezhaeva (1994) obtained calcite-dolomite temperatures up to 700 
°C for the Kovdor carbonatites, by recalculating the exsolved dolomite back into calcite 
composition. Results attained by their approach are up to 270 °C higher than previous 
estimates. This method, however, requires a detailed study of the textures, geometry and 
relative abundance of the exsolved phases that is beyond the scope of the present study. 
A series of attempts was made to apply carbonate thermometry to the Tapira 
complex. The results are presented in Table in.9.2 and Figure in.9.6, but the above-
mentioned restrictions: emphasise the need of caution in their interpretation. Calcite-
dolomite temperatures obtained using the thermometer of Anovitz & Essene (1987) are 
presented in Table EI.9.2. Due to the possibility of continuous subsoHdus re-
equilibration, calcite-dolomite pairs were chosen where the Mg content of calcite was 
highest. Most temperatures range from 400 to 500 °C. Two samples (at051 and at056) 
yielded temperatures below 300 °C but, apart from them, there is not a large variation 
within the complex. 
CaC03 MgC03 FeC03 T°C 
C I at042 0.955 0.041 0.003 494 
at044. 0.967 0.029 0.002 433 
at052 0.970 0.026 0.002 413 
atl36 0.962 0.030 0.006 443 
C2 at045 0.968 0.027 0.004 420 
at046 0.971 0.025 0.003 403 
at049 0.966 0.029 0.004 434 
at051 0.977 0.016 0.006 323 
at056 0.986 0.012 0.001 248 
at212 0.933 0.035 0.030 500 
Low-Cr dykes at205 0.940 0.025 0.033 457 
Table 111.9.2 - Temperatures calculated for calcite coexisting with dolomite for Tapira rocks, 
according to Anovitz & Essene (1987). 
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Figure III.9.6 - Isothermal sections in the system CaCOj -SrCOs (Carlson, 1980), showing 
coexisting calcites and strontianites from Tapira. Samples AT048 and AT059 are from CI and 
AT051 is from C2. 
Figure in.9.6 is a series of isothermal sections through the system CaCOs -
SrCOs from Carlson (1980). Pairs of carbonate analyses from different samples show 
best fits between 350 and 450°C, suggesting, that subsohdus re-equilibration happened 
at variable temperatures for different rocks. Note that no fit is obtained at 500°C (bottom 
right), placing an upper limit for the exsolutions of strontianite from calcite. Also 
noteworthy is the small range of pressures for the best fits of individual carbonate pairs, 
between 2 and 3 kb. 
Due to the potential effect of continuous subsolidus transformations, the results 
can provide only a minimum estimate of temperatures for carbonatite formation in the 
complex. It is interesting, however, that in all cases they should indicate the highest 
temperatures for the C I carbonatites. The only exception to this rule is a C2 dyke 
195 
J. A . BROD 
(at212, in Table m.9.2), that yielded a calcite-dolomite temperature of 500°C. This is a 
thin dyke with primary textures well preserved, and no visible evidence of subsolidus 
exsolutions 
III .9 .5 COMPARISON WITH OTHER CARBONATITES 
Sr content in calcites from Tapira was found to be moderate, i f compared with 
some extreme compositions such as those reported by Wall et al. (1993; up to 13 wt. % 
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Figure 111.9.7 - Calcite compositions from Tapira, compared to several world carbonatites and to the 
high-Sr dyke of Rajasthan. Source of data for Rajasthan is Wall et al. (1993). World-wide carbonatites 
include data from African (Ting et al., 1994; Dawson et al., 1996; Woolley et al., 1995), Italian (Stoppa 
& Lupini, 1993), Chinese (Le Bas et al., 1992), Russian (Zaitsev, 1996), Paraguayan (Castorina et al., 
1996) and Brazilian (Caspar, 1989; Torres, 1996; Araujo, 1996) carbonatites. 
In Figure III.9.7 the Sr and Mg contents of calcites from Tapira carbonatites and 
dykes are compared with a number of world-wide carbonatites. The sources of data for 
this diagram do not include analyses for which there was indication of low-temperature 
exsolution. In many cases, a general positive correlation of Sr with Mg is observed, 
although the ratio of Sr to Mg seems to differ from one locality to another. The calcites 
from most carbonatites reported in the literature seem to have lower Sr/Mg than Tapira, 
which in turn has lower ratios than those of the Rajasthan carbonatite (Wall et al., 
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1993). Calcites from the Khibina carbonatite of Kola Peninsula (not distinguished from 
world-wide carbonatites in Figure III.9.7) have a Sr/Mg ratio similar to Tapira. 
Analyses of calcite from other carbonatites of the Alto Paranaiba Igneous 
Province (Araxa, Torres, 1996 and Catalao, Araujo, 1996) are also plotted in Figure 
in.9.7. These seem to have Sr/Mg ratios similar to those of Tapira calcites, but with 
lower abundance of both elements. This may be due more extensive subsohdus 
recrystallisation in Catalao and Araxa, since products of metasomatism are particularly 
abundant in these two complexes. 
Other carbonatites occurring along the eastern and western border of the Parana 
Basin seem to plot well inside the field of the world-wide carbonatites. This is certainly 
true for Jacupiranga (Caspar, 1989), and possibly also for carbonatites in Paraguay 
(Castorina et al., 1996) although data for the latter are based on analysis of sample 
leaches and may represent a mixture of different carbonate phases. It should be stressed 
that both Jacupiranga and the Paraguayan carbonatites are remote in location, as well as 
in age (Early-Cretaceous) from the APIP. 
The span of magnesium variation is relatively restricted in Tapira calcites, in 
comparison with some other carbonatites (Figure in.9.7). This may reflect the effects of 
subsolidus recrystallisation, with exsolution of Mg-carbonate. Dolomite or Fe-dolomite 
are locally present as inclusions in recrystaUised calcite, although they are not 
particularly abundant. Furthermore, it was seen from Figures in.9.3 and in.9.4 that even 
the earliest formed calcites are only moderately enriched in Mg. This suggests that the 
moderate Mg content is a primary feature in Tapira calcites. 
III .9 .6 - SUMMARY 
• As suggested by Le Bas (1989), carbonatite evolving under relatively high oxygen 
fugacity will tend to follow the path calciocarbonatite - magnesiocarbonatite -
ferrocarbonatite. This is consistent with the presence of dolomite as a significant 
constituent from carbonatite C2, the trend of calcite evolution along the calcite-
,magnesite side of Figure in.9.1, the presence of conspicuous magnetite and the 
common occurrence of tetraferriphlogopite in Tapira carbonatites (see section III.4). 
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Tapira calcites show a consistent chemical progression towards purer CaCOs from 
C I to C5. Al l trace-elements decrease in this direction, but Fe and Mn increase in 
C5 (late-stage dykes and veins). The ratio of magnesium to iron and manganese 
increases initially, until the onset of dolomite crystallisation, and decreases steadily 
thereafter. Dolomite, on the other hand, tends to depart from the ideal composition 
in the late stages, showing enrichment in iron and manganese. 
Establishing the age relations between the different groups of carbonatites in the 
complex is a difficult task, since most occurrences are only accessible through 
drilling. However, the observed chemical trends of Tapira carbonates are similar to 
those described by Caspar (1989) for the well-exposed carbonatites of Jacupiranga. 
This suggests that CI can be interpreted as the earliest and C5 as the latest 
carbonatite intrusions, at least on the basis of calcite chemistry. 
Carbonates in the phlogopite-picrite dykes are chemically less evolved than in the 
low-Cr dykes. 
Temperature estimates based on the CaCOs-MgCOs-FeCOs and CaCOs-SrCOs 
systems vary substantially between samples. The highest temperatures obtained are 
approximately 500°C but this is probably reflecting the temperature of subsolidus re-
equilibration. The results are best considered as minimum estimates of 
crystallisation temperature. 
Calcites from Tapira have distinctively higher Sr than many world-wide 
carbonatites. It is possible that other complexes in APEP also show this feature. 
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I V . l - INTRODUCTION 
This Chapter is concerned with the description of the geochemical features of 
the various rock-types of the Tapira complex and their comparison with similar rocks 
elsewhere. A detailed geochemical study of major and trace elements was carried out on 
the various lithostratigraphic units described in the previous Chapters. The carbonatites 
and carbonate-rich mafic dykes (phlogopite-picrites and low-Cr dykes) were further 
studied, to determine carbon and oxygen stable isotopes in calcite and dolomite. Finally, 
a preliminary Sr and Nd isotope investigation was carried out on a small number of 
samples, in order to investigate the relationships between carbonatites and silicate rocks, 
and also to examine the possible effects of crustal contamination in the Tapira complex. 
The analytical techniques are described in Appendix 1, and the geochemical data are 
presented in Appendix 3. 
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I V . 2 - W H O L E - R O C K GEOCHEMISTRY 
As set out in the previous Chapters, many of the rocks in the Sihcate Plutonic 
Series (SPS) of the Tapira complex represent accumulations of crystals, rather than just 
liquids, which poses difficulties for the interpretation of their chemical composition. On 
the other hand, the fine-grained dykes (phlogopite-picrites, low-Cr dykes and some 
carbonatites) are likely to represent, or at least approximate, the composition of some of 
the magmatic liquids associated with Tapira. Among these, the ultramafic dykes are of 
particular interest, since they can provide insights into the chemical aspects of primitive 
liquids involved in the petrogenesis of the complex. For this reason, the present Chapter 
will deal initially with the investigation of the dyke rocks, in an attempt to set out the 
scenario in which.the chemical characteristics of the other rocks can be examined. 
IV.2.1 - P H L O G O P I T E - P I C R I T E D Y K E S 
Although some isolated occurrences of phlogopite-picrites are found throughout 
the Alto Paranaiba Igneous Province (APIP), these rocks seem to be particularly 
associated with the carbonatite-bearing intrusions in the province (Gibson et al, 1995b, 
and this work). They have not been investigated in detail to date and their study is likely 
to shed some light on the regional carbonatitic magmatism. 
The field, petrographic and mineralogical evidence discussed in the previous 
Chapters suggests that phlogopite-picrites are likely to represent magmatic liquids. 
Since the mineralogy of these rocks also indicates that they are the least evolved dykes 
in Tapira, it seems logical to investigate whether they can be regarded as: a) parental 
magmas to other rocks in the complex; and b) primary magmas derived from the mantle. 
Major-element oxides 
Major-element analysis of the phlogopite-picrites (and also of low-Cr dykes and 
carbonatites) must take into account the abundance of some elements that are usually 
regarded as traces in other igneous rocks. In some samples, elements such as Ba and Sr 
can reach percentage levels. In such cases, BaO and SrO must be included in the major 
element analyses, in order to achieve acceptable analytical totals (see Appendix 1). 
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A second problem posed by these rocks is that Loss on Ignition (LOI) figures are 
mostly related to the presence of groundmass carbonate and/or carbonate globules 
(ocelli). In most examples of igneous rocks the LOI value is regarded as an indication of 
post-magmatic alteration and it may be desirable to recalculate the major-element 
oxides to a total of 100 %. However, this does not hold i f the LOI is related to primary 
minerals as is the case of Tapira rocks. In the case of phlogopite-picrites and low-Cr 
dykes, the recalculation of the samples, on a "dry" basis would induce unrealistic 
interpretation of the data. For this reason, and also to allow direct comparisons with the 
carbonatites, the database was recalculated to include CO2 (or LOI, when CO2 analysis 
was not available). Consequently, the figures for the major-element oxides are reported 
in this thesis on a "wet" basis. 
Phlogopite-picrites display progressive variation in many of the major-element 
oxides, and are probably best considered as representing several stages of a 
differentiating series. The following general features can be regarded as typical of the 
phlogopite-picrite series. Al l samples are extremely sihca-undersaturated (Si02 = 24.30 
- 33.40 wt. %) , carbonate-rich (CO2 = 3.29 - 21.9 wt. %) and strongly potassic (K2O = 
2.68 - 5.87 wt. %) . CaO (9.31 - 19.41 wt. %) and Ti02 (3.24 - 5.37 wt. %) are high and 
AI2O3 (1.63 - 4.69 wt. %) is low. The K20/Na20 ratio varies from 2.14 to 14.86, on a 
wt. % basis. The high MgO (8.73 - 21.34 wt. %) testifies to the unevolved character of 
these rocks. The mg-number varies from 42 to 62, and correlates positively with 
strongly compatible trace elements, such as Cr and Ni. The chemical variation of major 
elements with magma evolution is described in detail in section IV.2.3. 
Trace elements 
The high Cr (134 - 1012 ppm) and Ni (82-932 ppm) contents are consistent with 
the ultramafic character of these rocks and suggest that the least evolved members of the 
phlogopite-picrite series can be considered as primary magmas. Scandium is moderately 
high, varying from 22 to 37 ppm. Phlogopite-picrites are strongly enriched in 
incompatible elements. In particular, Ba, Sr and the sum of the rare-earth elements 
(REE) often reach concentrations of a few tenths of a percent. The phlogopite-picrites 
show relatively high concentrations of the high-field-strength elements (HFSE): Nb 
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(160 - 360 ppm); Ta (10 - 22 ppm); Zr (470 - 1000 ppm) and Hf (10-23 ppm). The 
trace-element distribution is illustrated in the chondrite-normalised spider diagram of 
Figure IV. 1. It can be seen that all samples behave coherently, forming a consistent 
pattern. The diagram peaks at La, with the most enriched samples showing La 
concentration over 1600 times the chondritic abundance. Negative anomalies at Rb, K 
and Sr, together with a less pronounced negative Ti anomaly, can also be observed. Few 
samples show an incipient phosphorus negative anomaly. The normalised ratios of 
"paired elements" (i.e. elements with similar geochemical behaviour) such as Zr/Hf(N), 






BaRbTh K NbTa La Ce SrNd P SmZr H f Ti Tb Y Yb Lu 
Figure IV. 1 - Trace-element diagram showing the composition of phlogopite-picrites, normalised to 
chondrite (except Rb, K and P) according to Thompson et al. (1984). 
The rare-earth element (REE) patterns of phlogopite-picrites are shown in the 
chondrite-normalised diagram of Figure IV.2. The pattern is smooth and steep, showing 
strong enrichment of the light rare-earth elements (LREE) relative to the heavy rare-
earths (HREE). Chondrite-normalised La/Lu ratios (La/Lu(N)) range from 69 to 210, but 
most values are concentrated between 90 and 160. La/Sm(N) ratios vary from 16.7 to 
19.3. 
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Chemical classification of the phlogopite-picrites 
Any attempt at a chemical classification of the phlogopite-picrites has to account 
for the peralkaline (molecular ratio of alkalis to aluminium ranging from 1.04 to 3.02) 
and ultrapotassic (K20/Na20 varying from 2 to 15) character of these rocks, as well as 
their extreme silica-undersaturation. Classification diagrams involving the relative 
abundance of silica and alkalis, such as those of Cox et at. (1979) and Le Maitre et al. 
(1989) are difficult to apply, because of the excessively low silica content of the 
phlogopite-picrites. Mitchell (1996a) emphasised that the total alkalis vs. silica (TAS) 
diagram is "totally inadequate" for the classification of several types of alkaline rocks, 










La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
Figure IV.2 - Chondrite-normalised REE patterns of phlogopite-picrites. Normalisation factors are from 
Boynton (1984). 
A chemical scheme for the classification of ultrapotassic rocks was devised by 
Foley et al. (1987). Before the system is apphed, the whole-rock analyses must pass a 
chemical screen, in order to confirm the ultrapotassic character of the rock and to 
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concentrate the classification on mafic varieties only. This chemical screen requires that 
the rock has MgO > 3 wt. %, K2O > 3 wt. %, and KjO/NajO > 2. All the studied 
samples of phlogopite-picrite have MgO higher than 8 wt. %, therefore satisfying the 
first condition. Figure IV.3 shows the variation of the K20/Na20 ratio with the K2O 
concentration. Of the studied samples, only one fails to satisfy the minimum K2O limit, 
despite its relatively high K20/Na20 ratio. This sample shows textural evidence of 
alteration, which could be responsible for changes in the original K2O content. 
Figure IV. 3 - K2O and K20/Na20 relationships of phlogopite-picrites. The dashed lines represent the\ 
minimum values for ultrapotassic rocks, according to Foley et al. (1987) 
Figures IV.4 and IV.5 are plots of phlogopite-picrite analyses in a number of the 
classification diagrams proposed by Foley et al. (1987), utilising the major element 
compositions. The phlogopite-picrites invariably plot within or near the field of Group 
n ultrapotassic rocks (kamafugites). 
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Figure IV.4 - CaO variation with AI2O3, Si02 and MgO, in classification diagrams of Foley et al. (1987), 
showing the composition of Tapira phlogopite-picrites. Data for other APIP phlogopite-picrites and 
kamafugites are from Gibson et al. (1995b) and this work. Dotted lines outline the composition limits of 
the sample set used by Foley et al. (1987). 
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Figure IV.5 - Additional major-element classification diagrams for ultrapotassic rocks (after Foley et al., 
1987). Sources of data as in Figure IV.4. 
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Although the mineralogy of these rocks does not warrant their classification as 
kamafugites in a petrographic sense (Chapter 11), their geochemical affinity with the 
kamafugitic series is obvious, at least in terms of major elements. Data from Gibson et 
al. (1995b) for kamafugitic rocks of the APIP and for phlogopite-picrites associated 
with other carbonatite complexes in the province are also plotted in Figures IV.4 and 
IV.5, for comparison. Phlogopite-picrites from Tapira have slightly lower Si02 and 
AI2O3 than the APIP kamafugites and higher CaO than phlogopite-picrites from other 
APIP carbonatite complexes. The K2O/AI2O3 ratio is higher in Tapira phlogopite-
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Figure IV.6 - Th/Yb vs. Ta/Yb diagram showing the composition of Tapira phlogopite-picrites (solid 
squares), compared with other rock types. Data for potassic and sodic rocks from Paraguay are from 
Comin-Chiaramonti et al. (1997), Italian kamafugites from Conticelli and Peccerillo (1992) and 
from Peccerillo et al. (1988), APIP rocks from Gibson et al. (1995b). Other fields are from Wilson 
(1989), and references therein. 
The geochemical affinity of phlogopite-picrites with kamafugitic rocks is also 
observed in trace-element ratio diagrams, such as Th/Yb vs. Ta/Yb and Th/Zr vs. Nb/Zr 
(Figures IV.6 and IV.7). 
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Figure IV. 7 - Th/Zr vs. Nb/Zr diagram, showing the composition of phlogopite-picrites from 
Tapira (solid squares) and other APIP complexes (crosses), compared with other potassic rocks 
from other provinces. Data for APIP rocks are from Gibson et al. (1995b), Italian kamafugites 
are from Conticelli and Peccerillo (1992) and Peccerillo et al. (1988). Other fields are after 
Comin-Chiaramonti et al. (1997). 
Both diagrams show that phlogopite-picrites and APIP kamafugites plot at the 
higher end of the array of rocks derived from non-subduction related mantle sources. 
The similarity of APIP rocks to the Toro-Ankole kamafugites is also evident. APIP 
rocks are distinct from other potassic rocks such as the Roman Province-type, Italian 
kamafugites and Eastern Paraguay, which have lower relative concentrations of niobium 
and tantalum. Sodic alkaline rocks from Paraguay, however, have composition 
analogous to APIP, a feature also noted by Comin-Chiaramonti et al. (1997), who 
assumed for these rocks a source similar to that postulated by Gibson et al. (1995b) for 
the Alto Paranaiba ultrapotassic magmas. 
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Figure IV. 8 - Spider diagrams comparing the composition of Tapira phlogopite-picrites (shaded field) 
with: (a) kamafugites from APIP (Gibson et al., 1995b), Italy (Peccerillo et al, 1988) and Uganda 
(Thompson et al., 1984); (b) kimberlite and lamproitic rocks from APIP (Gibson et al., 1995b); (c) 
phlogopite-picrites associated with other APIP complexes (Gibson et al., 1995b). Concentrations 
normalised to chondrite (except Rb, K and P) according to Thompson et al. (1984). 
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Finally, Figure IV.8 compares the chondrite normalised distribution of trace 
elements in the Tapira phlogopite-picrites with that of other examples of alkaline rocks. 
The pattern for Tapira samples agrees well with those of the APIP kamafugites and 
shows a nearly perfect coincidence with phlogopite-picrites from other carbonatite 
complexes in the province. Both the Ugandan and Italian examples of kamafugites are 
less enriched in most elements than the APIP rocks. Additionally, the Italian 
kamafugites exhibit a characteristic negative anomaly in Nb and Ta, which is lacking in 
the Ugandan and APIP rocks. The negative anomalies of K and Rb are more 
pronounced in the sample of APIP kimberlite than in the phlogopite-picrites. APIP 
lamproitic rocks are distinguished from the phlogopite-picrites by their lower contents 
of LREE, and by the absence of negative Rb and K anomalies. 
IV.2 .2 - L O W - C R DYKES 
This group comprises a series of fine-grained rocks that, although still 
ultramafic, are mineralogically more evolved than the phlogopite-picrites. Their 
chemical composition is also more variable than the former, and it is possible that rocks 
included in this unit had more than one origin or evolved along different paths. 
Major-element oxides 
The low-Cr dykes can be distinguished from the phlogopite-picrites by their 
lower MgO (2.99-12.48 wt. %) , higher CaO (15.93 - 26.03 wt. %) , P2O5 (2.04 - 6.02 wt. 
%) and, in some cases, higher CO2 (1.07 - 22.27 wt. %) . This reflects the absence of 
olivine and the increase in the proportion of clinopyroxene, apatite and groundmass 
carbonate. In the more extreme cases of carbonate enrichment, the low-Cr dykes can be 
considered as transitional to silico-carbonatites. Like the phlogopite-picrites, the low-Cr 
dykes are extremely silica-undersaturated (Si02 from 18.4 to 36.7 wt. %) and have low 
AI2O3 contents (2.04 - 7.41 wt. %) . They are also strongly potassic (2.56 - 5.95 wt. % 
K2O), with variable K20/Na20 ratio (1.2 - 13.2). 
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Trace elements 
The more evolved character of the low-Cr dykes, in comparison with the 
primitive phlogopite-picrites, leads to a more significant control of trace-element 
concentration by processes such as fractional crystallisation or liquid immiscibihty 
The most striking difference in trace-element content between phlogopite-
picrites and low-Cr dykes is the extreme depletion in some compatible elements, such as 
Cr and Ni, in the latter. The concentrations of both elements are usually below 40 ppm, 
signalling the extensive previous fractionation of olivine and Cr-rich spinel. One of the 
analysed samples (at020) yielded 245 ppm Cr and 86 ppm Ni, which are closer to the 
values observed in some (evolved) members of the phlogopite-picrite series. 
Nevertheless, this sample is still included in the low-Cr dykes group, on the grounds of 
petrographic similarities, such as the higher amount of pyroxene and the absence of 
olivine phenocrysts. 
It is noteworthy that not all compatible elements (using the term on a broad 
sense) are depleted in the low-Cr dykes. For instance, Sc may reach concentrations even 
higher (up to 68 ppm) than those observed in the phlogopite-picrites. Among a number 
of Tapira mineral separates analysed for trace elements by ICP-MS (see Appendix 2 for 
data), clinopyroxene yielded significant Sc concentrations (111 ppm), while other 
calcium-rich minerals, such as apatite, perovskite and calcite, contain negligible 
amounts of Sc. Therefore, the enrichment of this element in some of the low-Cr dykes 
most likely signals the contribution of clinopyroxene. 
The low-Cr dykes are generally enriched in incompatible elements, with very 
high Sr (up to 11000 ppm in a high-carbonate sample, but generally between 2000 and 
6000 ppm) and Ba (up to 5600 ppm). The abundances of Zr and Hf are variable in the 
low-Cr dykes, with some of the analysed samples reaching up to 4000 ppm Zr and up to 
64 ppm Hf. Niobium reaches higher concentrations (230-520 ppm) than in the 
phlogopite-picrites, but Ta can be relatively depleted (1-22 ppm) in some samples. This 
disparate behaviour induces wide variations in chondrite-normalised Nb/Ta ratios, 
which will be discussed in greater detail, together with the possible petrogenetic 
implications, in Chapter V. 
Figure IV.9 illustrates the trace-element relationships in the low-Cr dykes, along 
with a shaded field representing the composition range of phlogopite-picrites. The 
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spider diagrams for most samples (representative analyses plotted in Figure IV.9a) show 
good approximation to the phlogopite-picrite series, apart from slightly higher 
concentrations of the REE, Zr and Hf. However, for a small group of samples (Figure 
IV.9b) the trace-element distribution departs significantly from this pattern. Although 
their major-element contents are similar to those of the first group, these rocks have 
much higher Zr and Hf concentrations, strong Th depletion, no Sr anomaly and a 
positive P anomaly. Note that this group also has lower LREE and higher HREE than 
the phlogopite-picrites and the remainder of the low-Cr dykes. 
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Figure TV.9 - Normalised trace-element diagrams for low-Cr dykes, compared with the range of 
phlogopite-picrites (shaded field). The low-Cr dykes can be divided in two groups, represented in (a) and 
(b), according to their trace-element relationships (see text). Concentrations normalised to chondrite 
(except Rb, K and P) according to Thompson et al. (1984). 
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Figure IV.IO - REE patterns of low-Cr dykes normalised to: (a) chondritic values of Boynton (1984) and 
(b) primitive phlogopite-picrite (sample at021a). The shaded field in diagram (b) covers the range of 
Tapira phlogopite-picrites. 
The REE patterns of low-Cr dykes are illustrated in greater detail in Figure 
IV.IO. The first diagram shows chondrite-normalised REE patterns and the second 
diagram shows the values normalised to a primitive phlogopite-picrite sample (at021a). 
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together with the range of phlogopite-picrite compositions (shaded field). The two 
groups of low-Cr dykes (from Figure IV.9) have contrasting behaviour, when compared 
with the phlogopite-picrites. The first group produces normalised REE patterns that are 
parallel to those of phlogopite-picrites, albeit at generally higher values for all REE. 
This can be considered as a natural progression of the phlogopite-picrites (note that the 
shaded field is skewed towards values higher than 1, representing the evolution within 
the phlogopite-picrite series). The low-Cr dykes with positive Zr-Hf and negative Th 
anomalies (Figure IV.9) are depleted in LREE and enriched in HREE, relative to the 
phlogopite-picrites. Figure IV. 10 shows that the REE patterns of these rocks "cross 
over" those of the first group at Dy. 
Figure IV. 11 shows the REE patterns of Tapira minerals, normalised to the 
values of primitive phlogopite-picrite. The diagrams suggest that extensive removal of 
apatite or perovskite (or both) from a phlogopite-picrite liquid would result in an 
anticlockwise rotation of the REE patterns of the residual liquid, with decrease in the 
LREE/HREE ratios. Furthermore, apatite removal would also promote a relative 
depletion of the residual liquid in the rare-earth elements from Ce to Eu, whilst the 
extraction of perovskite would induce a stronger depletion in rare-earth elements from 
Gd to Er. The REE patterns of the residual liquids are less likely to be affected by 
calcite, which has REE abundances similar to the phlogopite-picrites, or by pyroxene 
and phlogopite, which have much lower REE contents. 
At first sight, the comparison between Figures IV. 10 and IV. 11 would suggest 
that extensive fractionation of apatite can explain the anomalous behaviour of some of 
the low-Cr dykes. However, a positive anomaly of phosphorus and a negative anomaly 
of titanium in Figure IV.9b seems to argue in favour of perovskite fractionation. 
Furthermore, the removal of perovskite (or apatite) cannot account for all of the 
anomalous behaviour displayed by these rocks in spider diagrams (e.g. Th, Zr and Hf 
anomahes and the changes in Nb/Ta ratio). Alternative reasons for these anomalies will 
be explored in detail in Chapter V, 
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Figure IV. 11 - REE patterns of minerals from the Tapira complex, normalised to primitive phlogopite-
picrite composition. See Appendix 2 for analyses. 
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IV.2.3 - A " L I Q U I D L I N E O F D E S C E N T " F O R T H E M A F I C D Y K E S ? 
The mineralogical and chemical evidence suggests that the mafic dykes in 
Tapira form a series of differentiating hquids. However, several attempts at monitoring 
the evolution of these liquids on Harker diagrams, by plotting the whole-rock analyses 
against differentiation indices such as Si02 and MgO, or against trace elements such as 
Cr, Ni or Zr, failed to provide an adequate representation of the evolution of these rocks. 
For instance, Cr and Ni are good indicators of differentiation within the phlogopite-
picrites, but are inadequate for the low-Cr dykes, which cluster at very low Cr and Ni 
values. Given the extremely low SiOi content of these rocks, the removal of olivine at 
an early stage would actually result in a decrease in Si02 content of the residual liquid, 
rendering sihca clearly ineffective as a fractionation index. MgO (or magnesium 
number) fails to account for the increase in groundmass carbonate with evolution, which 
is an important feature of the Tapira dykes. Elements which are incompatible in most 
magmatic systems may behave compatibly with regard to minerals such as perovskite, 
apatite and carbonate) and, consequently, should not be used as a differentiation index. 
A better result has been obtained by using the ratio CaO/(CaO-i-MgO) as a 
differentiation index for the mafic dykes (Figures IV. 11 and IV. 12). This ratio provides 
a satisfactory way of monitoring, for example, the fractionation of olivine and pyroxene, 
whilst also accounting for the increase in interstitial carbonate in the more evolved 
rocks. The diagrams are not entirely adequate for the representation of perovskite and 
apatite, which would ideally require the inclusion of TiOi and P2O5 in the calculation of 
the differentiation index. However, it is shown below that this problem can be 
satisfactorily avoided by the use of the whole-rock composition of apatite- and 
perovskite cumulates, as an approximation for solid fractions removed from the liquids. 
Figure IV. 12 shows the variation of selected major-element oxides as a function 
of the CaO/(CaO+MgO) ratio. The composition ranges of several relevant minerals and 
representative analysis of Tapira cumulates are plotted in the diagrams, for comparison, 
and the possible effects of solid-fraction removal are indicated by arrows. For most 
elements, the diagrams are consistent with a continuous evolution from phlogopite-
picrites to low-Cr dykes by magmatic differentiation, and with the textural relationships 
and crystallisation orders estabhshed in Chapter E. 
216 


















1 I L 
pv, ap 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
C a O / ( C a O + M g O ) 
ol removaj 
c p x 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
C a O / ( C a O + M g O ) 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
C a O / ( C a O + M g O ) 
O 
cp.x 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 





















0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
C a O / ( C a O + M g O ) 
3 ^ average mt 
^^ol (SPS) 
Kol(dykes) ^ *! 
/ / 
cpx—1 
1 1 1 1 1 1 1/ 1 1 1 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
C a O / ( C a O + M g O ) 
12 
11 , 











• • o 
: • • o 
• m 
'a o o 








0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
C a O / ( C a O + M g O ) 
do 
ank 
I i Q l I G I I 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
C a O / ( C a O + M g O ) 
Figure IV. 12 - Major-element oxides (wt. %) variation with magma evolution of phlogopite-picrites 
(solid squares) and low-Cr dykes (open circles). Compositions of relevant minerals and of olivine-rich 
(solid star) and apatite-perovskite-rich cumulate (open star) are indicated. Ol=olivine, mt=magnetite, 
pv=perovskite, ap=apatite, cpx=clinopyroxene, phl=phlogopite, dol=dolomite, ank=ankerite, 
cc=calcite. See text for explanation. 
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The fractionation of olivine exerts a strong control on the chemistry of the 
liquids at the early stages of crystallisation. Note that in most diagrams the trend of 
whole-rock analyses progresses away from the olivine-rich cumulate, suggesting that 
rocks such as dunites and wehrlites in the SPS may have been produced by fractionation 
from phlogopite-picrite liquids. Also noteworthy is the gentle decrease in Si02 at the 
early stages of evolution. The progressive sihca depletion results from the fact that the 
Si02 content of the primitive phlogopite-picrites is lower than that of ohvine. Si02 only 
increases in the residual liquid when significant amounts of non-silicate minerals are 
removed. This may be a recurrent process in the evolution of the complex, but seems to 
be particularly significant at the transition from phlogopite-picrites to low-Cr dykes. 
Note that the variation of Ti02 and P2O5 can be explained by the formation of 
perovskite-apatite-rich cumulates. 
The behaviour of the alkalis is less straightforward. The diagrams suggest the 
presence of more than one evolution trend. These could also be the result of subsolidus 
changes in the alkali contents of the rocks or, alternatively, they could indicate a multi-
stage evolution of the dykes. 
The progressive increase of CO2 with the differentiation index is consistent with 
the increase in groundmass carbonate, observed in thin section. However, the trend of 
the low-Cr dykes seems to bifurcate, suggesting that perhaps an event of liquid 
immiscibility has occurred (see discussion in Chapter V). This is consistent with the 
existence of carbonate ocelli in the dyke rocks (Chapter 11). 
The variation of selected trace elements with magma evolution is presented in 
Figure IV. 13. It is clear from the diagrams that compatible elements, such as Cr and Ni, 
show a negative correlation with the differentiation index. Sc shows a distinct 
behaviour, increasing slightly at first, when olivine removal controls the system, but 
decreasing sharply at the interface between phlogopite-picrites and low-Cr dykes, when 
the behaviour of Sc is controlled by the removal of clinopyroxene. 
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Figure IV. 13 - Variation of trace elements (ppm) with magmatic evolution. Symbols and mineral 
abbreviations as in Figure IV. 12, plus chr=chromite, gt=garnet. 
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Among the incompatible elements, Sr increases progressively with 
differentiation. This is consistent with carbonate- and apatite enrichment, since these 
two minerals are major Sr hosts in the Tapira complex (see Chapter I I I for discussion of 
carbonate, and Appendix 2 for ICP analysis of apatite). Zr (and Hf, not shown in Figure 
IV. 13) increases steadily with differentiation in the phlogopite-picrites, but the low-Cr 
dykes define two separate trends, one of enrichment and the other of depletion in Zr, 
which correspond to the two groups depicted in Figure IV.9. Rocks of the high-Zr group 
contain abundant melanite garnet, which seems to be an important Zr carrier in Tapira 
mafic rocks (Chapter m). 
Yttrium seems to decrease slightly at first and then increase progressively with 
differentiation. However, it should be noted that both examples of cumulate rocks 
(Figure IV. 13) are enriched in Y, relative to the fine-grained dykes. This may be 
reflecting the accumulation of minerals such as perovskite and/or apatite in the coarse-
grained rocks. The increase in Y during the latest stages of differentiation may be 
related to presence and accumulation of melanite garnet. However, as observed for other 
elements, more than one trend seem to be present in the more evolved dykes. It is 
possible that the controls of magmatic processes on Y (and, therefore, on the heavy 
REE) are more complex than can be depicted in the adopted diagrams. 
The diagrams for Nb and Ta illustrate the disparate behaviour previously 
observed between these two elements in spider diagrams. Both elements increase 
progressively in the phlogopite-picrites with differentiation, but Ta decreases abruptly in 
the low-Cr dykes. This depletion does not seem to affect Nb to the same extent, thus 
resulting in a significant increase in the Nb/Ta ratio of the rock (see Chapter V). 
Finally, Figure IV. 14 illustrates the control of chnopyroxene fractionation. As 
discussed above, MgO is not a suitable differentiation index for Tapira dykes, but the 
plot of MgO against Sc/Cr is particularly effective in showing the relationships of the 
ultramafic dykes with the ultramafic plutonic rocks. Note that i f phlogopite-picrites and 
low-Cr dykes are considered independently, the former are consistent with the extensive 
fractionation of olivine and Cr-rich spinel to form the wehrlites, whilst the Sc/Cr ratio of 
the latter seems to be dominantly controlled by the removal of clinopyroxene to form 
the bebedourites. Syenite analyses are also plotted in the diagram, for comparison. 
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Figure IV. 14 - Sc and Cr relationships between olivine-bearing cumulates (solid stars), bebedourites 
(solid circles), phlogopite-picrites (open squares) and low-Cr dykes (open circles). Note the increase in 
the Sc/Cr ratio with the evolution of the cumulates. Compositions of syenites (crosses) are plotted for 
comparison 
IV.2.4 - SILICATE PLUTONIC SERIES (SPS) 
The interpretation of the chemical properties of the SPS rocks is less 
straightforward than that of the dykes, due to the effect of extensive crystal 
accumulation (e.g. the oUvine-rich and the perovskite-apatite-rich cumulates shown in 
Figures IV. 12 and IV. 13). As discussed previously, many of the ultramafic SPS rocks 
are unlikely to be representative of real magmatic liquids. Nevertheless, some general 
chemical features and differences between the various types of ultramafic rocks (e.g. 
wehrlites and bebedourites in the B l and B2 units) are pointed out in the sections below. 
Wehrlites and olivine-bearing cumulates 
The chemical composition of the olivine-bearing rocks is highly variable, both in 
terms of major and trace elements, depending on which mineral phases accompany 
olivine in the rock. For example, Ti02 may reach up to 15.6 wt. % in perovskite-rich 
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rocks, and P2O5 may be as high as 10.5 wt. % in apatite rich rocks. These rocks have 
generally low Si02 (12 - 33 wt. %) and high, but variable, MgO ( 1 1 - 3 0 wt. %), 
Fe203(T) (12 - 27 wt. %) and CaO (8-26 wt. %) . 
The olivine-rich rocks also usually contain significant amounts of Cr (up to 1200 
ppm) and Ni (up to 1100 ppm), which distinguishes them from the generally Cr- and Ni-
poor bebedourites. However, it should be stressed that exceptions to this rule do occur, 
and some of the wehrlites may be Cr- and Ni-poor, while rare bebedourites may contain 
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Figure IV. 15 - Normalised trace-element diagram of olivine-bearing cumulates from SPS, compared 
with the range of phlogopite-picrites (shaded area). Concentrations normalised to chondrite (except 
Rb, K and P) according to Thompson et al. (1984). 
The relationships of incompatible elements in olivine-bearing cumulates are 
summarised in the spider-diagram of Figure IV. 15, and compared with the range of 
phlogopite-picrites. If the latter can be considered representative of unevolved magmatic 
liquids in Tapira, some inferences may be made regarding the behaviour of various trace 
elements. For instance, it is clear from Figure IV. 15 that elements such as Ba, Rb, K, 
and, to a lesser extent, Sr and Zr, behave incompatibly with respect to the common 
mineral assemblages of SPS rocks (i.e. mostly olivine, clinopyroxene, perovskite and 
apatite). On the other hand, elements that are usually considered incompatible in other 
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magmatic systems, such as Nb, Ta and the REE are clearly compatible with regard to 
the same mineral assemblage. The mineral chemistry data (Chapter m) suggest that the 
main host for Nb and Ta in these rocks is probably perovskite, whilst the REE are 
hosted by both apatite and perovskite. A medium-grained wehrlite dyke is plotted 
alongside the coarse-grained cumulates in Figure IV. 15. In Chapter n these dykes were 
assigned to the B2 unit, on the grounds that they crosscut B l bebedourites and show 
crucial mineralogical differences from the coarser-grained B l wehrlites (e.g. the 
occurrence of melanite, instead of perovskite, as the main Ti phase). The lower 
concentrations of Th, LREE, Zr, Hf and Ti, and the much higher Nb/Ta ratio of the 
wehrlite dyke shown in Figure IV. 15 support the inference that these dykes are 
fundamentally distinct from B l wehrhtes. 
The REE patterns of the olivine-bearing SPS rocks are shown in Figure IV. 16, 
normalised to chondrite and to the primitive phlogopite-picrite. The pattern for the B2 
wehrlite dyke contrasts with that of the coarser-grained rocks, and approximates that of 
some of the low-Cr dykes in Figure IV. 10(b). 
Some of the REE behaviour can be explained through the control exerted by 
specific mineral phases accumulated in these rocks. For instance, the apatite-perovskite-
rich cumulate is enriched in the middle REE, relative to the apatite-poor cumulate. It . 
could also be argued that the enrichment in heavy REE in the wehrlite dyke is 
associated with accumulation of garnet. On the other, hand, some of the variations are 
difficult to explain as a mineralogical effect. For example, despite the very high 
phosphorus content (9.9 wt. % P 2 O 5 , note also the positive P anomaly in Figure IV. 15) 
of the wehrlite dyke, this rock is relatively depleted in the light to middle REE. 
Bebedourites 
The absence of both olivine and Cr-rich spinel, and increased amounts of 
clinopyroxene, in comparison with the olivine-bearing rocks, is reflected in the chemical 
composition of most bebedourites by higher Si02, Na20 and CaO, and lower Fe203(T), 
MnO, and MgO. The very low Cr (usually below 20 ppm) and Ni (usually below 50 
ppm) contents and the high Sc (up to 145 ppm), which are typical of both B l and B2 
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Figure IV.16 - Rare-earth patterns of olivine-bearing SPS rocks, normalised to: (a) chondrite (Boynton, 
1984) and (b) primitive phlogopite-picrite. Shaded field in diagram (a) is the range of phlogopite-picrite 
compositions. 
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bebedourites, can also be explained by the same changes in mineralogy. In rare cases, 
substantial amounts of Cr (over 800 ppm in one sample) testify to the occasional 
recurrence of chromite crystallisation within the bebedourite sequence. Interestingly, the 
amount of Ni in the same sample falls just short of 140 ppm, since olivine is not 
present. 
Although the chemical composition of the bebedourites is variable and, in many 
cases, there are extensive compositional overlaps between rocks of the B l and B2 units, 
some broad chemical distinctions between the two units can be outlined. In terms of 
major elements, B l bebedourites have higher Ti02 and tend to have slightly higher 
MgO, whilst bebedourites from B2 have higher contents of Si02, MnO and to a lesser 
extent, CaO. Regarding the trace elements, B2 rocks have notably higher Zr, Th and 
lower Y than B l . Bebedourites of the B2 unit are also enriched in LREE in comparison 
with B l , for the same Si02 content. Spider diagrams for representative analyses of 
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Figure IV.17 - Trace-element variation of selected analyses ofBl bebedourites compared with the range 
of phlogopite-picrites (shaded field). Concentrations normalised to chondrite (except Rb, K and P) 
according to Thompson et al. (1984). 
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Most B l bebedourites are characterised by small or non-existent relative 
negative anomahes of Rb and K (Figure IV. 17), although these features may be shown 
by a small number of samples (e.g. dashed line in Figure IV. 17). Phosphorus and 
titanium highs are conspicuous in many spider diagrams of these rocks, associated with 
increased modal contents of perovskite and apatite. The corresponding slight negative P 
and Ti anomalies, locally observed in the phlogopite-picrites (shaded field in Figure 
IV.17) and the negative Ti anomaly commonly found in the low-Cr dykes (Figure IV.9) 
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Figure IV.18 - Normalised trace-element diagram of representative analyses of group B2 bebedourites. 
Shaded field is the range of phlogopite-picrite compositions. Concentrations normalised to chondrite 
(except Rb, K and P) according to Thompson et al. (1984). 
The spider diagrams for B2 bebedourites are more variable. Representative 
samples of commonly observed patterns are shown in Figure IV. 18. 
While the trace-element diagrams of some B2 bebedourites are not too 
dissimilar to those of the B l unit (Figure IV.17), other samples produce more "spiky" 
patterns. Many of the B2 samples show a negative Ti anomaly, consistent with the 
extensive perovskite fractionation during earlier stages (Bl) . High modal percentages of 
apatite are represented by highs in P. The higher Zr and Hf contents of these rocks, 
when compared with B l , support the evidence from petrography and mineral chemistry 
for a more evolved character of B2. One sample with extreme Zr- and Hf- enrichment 
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also shows a negative Th anomaly and strong relative enrichment in heavy REE, 
forming a pattern that is remarkably similar to some of the low-Cr dykes (Figure IV.9b). 
Another prominent feature in Figure IV. 18 is the wide variation in the Nb/Ta ratios. 
This sudden change in the behaviour of Nb and Ta seems to be a conspicuous 
geochemical signature of relatively evolved mafic rocks from Tapira (i.e. some low-Cr 
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Figure IV. 19 - REE composition of Bl bebedourites normalised to: (a) chondritic values of Boynton 
(1984) and (b) primitive phlogopite-picrite. Shaded field in diagram (a) is the range of phlogopite-
picrites from Tapira. 
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Figure IV.20 - REE patterns ofB2 bebedourites, normalised to: (a) the chondritic values of Boynton 
(1984) and (b) primitive phlogopite-picrite. Dashed line is a high-Zr, low-Th bebedourite (see text). 
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The rare-earth element patterns for bebedourites of B l and B2 units are 
presented in Figures IV.19 and IV.20, respectively. B l bebedourites have La/Lu ratios 
similar to those of the phlogopite-picrites, but shghtly different concentrations in the 
ranges from Ce to Sm and from Tb to Tm. As discussed previously, this may be 
controlled by the relative proportions of perovskite and apatite in the rock. Note that the 
"crossover" REE patterns observed in some low-Cr dykes and B2 rocks are not present 
in B l bebedourites. The B2 bebedourites (Figure rv.20) also show La/Lu ratios similar 
to the phlogopite-picrites but span a much wider range of REE concentration. When 
normalised to the primitive phlogopite-picrite values, the majority of B2 bebedourites 
patterns are relatively flat or peak between Ce and Sm, suggesting some control by 
apatite, which is consistent with petrographic evidence. The dashed line in Figure IV.19 
is the high-Zr, low-Th sample of B2 bebedourite discussed previously (see above, and 
Figure IV. 18). The REE "crossover" pattern resembles that of the B2 wehrlite dyke and 
some Of the low-Cr dykes. 
Syenites 
Tapira syenites vary from alkaline to peralkaline. The peralkalinity index (P.I.), 
calculated as the molecular ratio (K2O -\- Na20)/Al203, varies from 0.81 to 1.12 but most 
samples are concentrated between 0.85 and 0.95. These values are significandy lower 
than those observed in Tapira mafic dykes (mostly between 1.0 and 3.0), underlining the 
fact that the syenites are not as Al-deficient as the mafic rocks. Syenitic dykes 
associated with the Salitre complex have P.I values that are slightly higher (from 1.0 to 
1.3) than those of Tapira syenites. 
The potassic to ultrapotassic character of Tapira syenites is clearly indicated by 
their K20/Na20 ratios (on a wt. % basis), which vary from 5.8 to 34.6, but are usually 
higher than 20. 
With regard to the major elements, Tapira syenites are characterised by Si02 
varying from 53 to 55 wt. %, AI2O3 from 15.8 to 18.9 wt. %, very high K2O (12.9 to 14 
wt. %) and low Na20 (0.38 to 0.65 wt. %) . CaO contents vary greatly (from 1.62 to 9.16 
wt. % ) , but correlate positively with CO2, suggesting that a significant part of the 
calcium is hosted by variable amounts of interstitial and/or secondary carbonate, rather 
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than by siUcate minerals. P2O5 varies from 0.02 to 0.78 wt. %, Fe203(T) from 2.71 to 
. 5.66 wt % and CO2 from 1.55 to 4.67 wt. %. One sample of clinopyroxene-rich syenite 
often falls outside the ranges described above, showing higher Ti02 Fe203 (T), MnO, 
CaO and Na20, and lower Si02, AI2O3 and K2O than the remainder.of the syenites. 
As expected for evolved felsic rocks, all compatible elements are present in very 
low concentration. One remarkable exception is Sc, which may reach up to 30 ppm, but 
is only present in significant amounts in the clinopyroxene-bearing syenites, confirming 
the previous observations that Sc distribution is strongly controlled by the pyroxene. 
The distribution of other trace elements is illustrated in Figure IV.21. The most 
prominent feature of the diagram is the positive anomaly of Zr and Hf, flanked by 
troughs at P and Ti. Also noteworthy is the relatively low REE abundance, when 
compared with those of the phlogopite-picrites, and the variable Nb/Ta ratios. 
Chondrite-normalised REE diagrams for representative samples of Tapira syenites are 
shown in Figure IV.22. It can be seen from the diagram that the syenites have lower 
REE contents than the phlogopite-picrites. The middle REE are particularly depleted, 
resulting in an concave-upward pattern. In some samples of Tapira syenites, particularly 
those spatially associated with the carbonatite-syenite breccias, the geochemical 
behaviour of the REE diverges from this general pattern. 
The distribution of other trace elements is illustrated in Figure rV.21. The most 
prominent feature of the diagram is the positive anomaly of Zr and Hf, flanked by 
troughs at P and Ti. Also noteworthy is the relatively low REE abundance, when 
compared with those of the phlogopite-picrites, and the variable Nb/Ta ratios. 
Chondrite-normalised REE diagrams for representative samples of Tapira syenites are 
shown in Figure IV.22. It can be seen from the diagram that the syenites have lower 
REE contents than the phlogopite-picrites. The middle REE are particularly depleted, 
resulting in an concave-upward pattern. In some samples of Tapira syenites, particularly 
those spatially associated with the carbonatite-syenite breccias, the geochemical 
behaviour of the REE diverges from this general pattern. 
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Figure IV. 21 - Chondrite-normalised trace-element diagram for Tapira syenites. Concentrations 
normalised to chondrite (except Rb, K and P) according to Thompson et al. (1984). Shaded field is the 
range of phlogopite-picrites. 
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Figure IV.22 - REE patterns of Tapira Syenites, normalised to the chondritic values of Boynton 
(1984). 
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This feature is enhanced in a REE-diagram normahsed to the phlogopite-picrite 
composition (Figure IV.23). The shaded field in the diagram represents the range of all 
syenite samples from Tapira and from Salitre analysed during this research. Most 
samples produce patterns that are roughly parallel to the limits of the field, and are not 
shown in the diagram. Some samples of syenitic fragments in breccias are displayed 
individually to illustrate their anomalous behaviour. Note that these samples have 
variable contents of heavy REE but, instead of forming sub-parallel trends, the patterns 
tend to converge into a single steep line, in the region of the light REE, at high 
concentrations. This phenomenon is interpreted here as suggestive of carbonatite 
metasomatism in the brecciated syenite, resulting in the elevation and homogenisation 
of the lighter REE contents. This interpretation is consistent with field and petrographic 
evidence and with the fact that Tapira carbonatites show extreme LREE/HREE 
fractionation (see section IV.2.5 below). 
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Figure IV.23 - REE concentrations of Tapira syenites (shaded field), normalised to primitive 
phlogopite-picrite values. Some samples of syenites in carbonatite-syenite breccias are plotted 
individually and possible shifts in the patterns of LREE, due to carbonatite metasomatism, are 
indicated by arrows. 
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Figure IV.24 - (a) Trace element patterns of Salitre syenites, normalised to chondrite (except Rb, K 
and P,) according to Thompson et al. (1984); (b) Rare-earth patterns of Salitre syenites, normalised to 
chondritic values of Boynton (1984). Shaded field in both diagrams represents the range of Tapira 
syenites. 
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A number of syenitic dykes from the Salitre complex were analysed to provide a 
comparison with Tapira rocks. Some significant differences in major elements can be 
pointed out, with Salitre rocks having higher Na20 (2.78 - 7.21 wt. %) , slightly higher 
Si02 (41 -60 wt. %) and lower K2O (7.25 - 9.96 wt. %) than Tapira syenites. However, 
the trace-elements and REE distribution are similar in syenites from both complexes 
(Figure IV.24) 
IV.2.5 - CARBONATITES 
Mineralogically, the carbonatites in the Tapira complex are dominantly calcite-
carbonatites, with subordinate amounts of dolomite-bearing calcite-carbonatites and 
restricted occurrences of dolomite-carbonatite. With the exception of some dykes and 
breccias associated with the C2 unit, all other carbonatites have less than 10 wt. % SiOz, 
and the majority of samples have less than 5 wt. % SiOi. The concentrations of Ti02 
and AI2O3 are usually below 1 wt. %. Alkalis are present in low concentrations, with 
Na20 varying from 0 to 0.8 wt. % and K2O reaching up to 2.6 wt. % (depending on the 
amount of phlogopite present in the sample). P2O5 may reach up to 7.7 wt. %. Fe203(T) 
and MgO are usually below 10 wt. %, except for the breccias, where Fe203(T) may reach 
up to 19 wt. %, and dolomite-carbonatites, which have MgO varying from 17 to 20 wt. 
%. 
Woolley and Kempe (1989) suggested a chemical classification of carbonatites 
based on the relative proportions of CaO, MgO, FeO and MnO. According to this 
scheme, i f the ratio CaO/(CaO+MgO+FeO-i-Fe203+MnO) is greater than 0.8 the rock is 
classified as a calciocarbonatite. Rocks where the ratio is less than 0.8 may be called 
magnesiocarbonatite or ferrocarbonatite, depending on whether MgO 
/(FeO+Fe203+MnO) is higher or lower than 1. 
A plot of Tapira carbonatites in terms of the relevant elements is presented in 
Figure IV.25. Most of the analysed samples from CI and C2 plot within the 
calciocarbonatite field. The carbonatite dykes and the groundmass of some breccias 
from C2 plot within the ferrocarbonatite field. Although extensive overlap exists 
between carbonatites of the different units, there seems to be a tendency for the 
MgO/(Fe203(T) + MnO) ratio to decrease in the sequence CI => C2 => C3. 
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Figure 1V.25 - Classification of Tapira (CI to C5) and Salitre carbonatites, according to Woolley and 
Kempe (1989) 
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However, it must be stressed that the interpretation of the diagram is not 
straightforward, since the elements concerned are not hosted only by carbonates. For 
instance, a magnetite-rich carbonatite may plot in the ferrocarbonatite field, even if the 
only carbonate present is calcite. Similarly, phlogopite-rich carbonatites will tend 
towards the magnesiocarbonatite field, even i f dolomite is not present. 
Tapira carbonatites show extreme concentration and wide variation in the 
abundance of several trace elements. The amounts of compatible elements are usually 
very low and, on average, the lowest contents are found in rocks of CI and C5. Most 
samples of Tapira carbonatites have Cr below 25 ppm, Ni below 15 ppm, V below 215 
ppm and Sc below 20 ppm. Notable exceptions are the carbonatite dykes and high-level 
breccias of the C2 unit, where all compatible elements are present in higher amounts 
than in the coarser-grained carbonatites. These rocks may have up to 65 ppm Cr, 22 










Figure IV.26 - La/Yb vs. La diagram, showing the composition of Tapira carbonatites, grouped into 
units CI to C5. Carbonatite field is from Andersen (1987). Also plotted in the diagram are analyses 
of a country rock (quartzite) and a fenite associated with the Tapira complex. 
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The LREE/FCREE fractionation in carbonatites is the strongest among Tapira 
rocks. La/Yb ratios vary in the range 95-635 for the CI unit, 95-321 (but most samples 
below 180) for C2, 125-144 for C3, 111-185 for C4 and 150-1130 for the late-stage 
dolomite carbonatites of C5. The La/Yb ratio of Tapira carbonatites is plotted against La 
in Figure IV.26. A l l the samples plot in the upper half of the carbonatites field, 
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Figure IV.27 - Spider-diagrams for selected samples of carbonatites from CI (a) and C2 (b), compared 
with the range of phlogopite-picrites (shaded field). Concentrations normalised to chondrite (except Rb, 
K and P) according to Thompson et al. (1984). 
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Spider-diagrams for carbonatites from the various units are presented in Figures 
IV.27 and IV.28. Tapira carbonatites are strongly enriched in Ba, Nb and REE, and 
depleted in Rb, K, Ta, Zr, Hf and Ti, with respect to the phlogopite-picrite field. 
The most striking feature of CI carbonatites is the "spiky" nature of the trace-
element patterns, with alternate enrichment and depletion of several elements, including 
the geochemical pairs Nb-Ta and Zr-Hf. Niobium and tantalum are extremely 
fractionated from each other (compare with the Nb/Ta ratio of the phlogopite-picrites -
shaded field), with Nb showing strong relative enrichment. Both Zr and Hf are depleted 
in all CI samples. The Zr/Hf ratio is variable and apparently decreases with increasing 
degree of Zr depletion, suggesting that Hf is slightly more compatible than Zr in the 
carbonatite system. 
C2 Carbonatites show similar features, but with less extreme REE enrichment 
and a lesser degree of fractionation between Nb and Ta. There is a consistent correlation 
between chemical composition and the location or mode of occurrence of the C2 
carbonatites. The fine-grained dykes and the groundmass of the high-level breccias 
(Tapira mine, see Chapter I) show a lesser degree of Zr and Hf depletion, as well as the 
smallest Rb and K anomalies. Carbonatites that intrude and brecciate the main syenite 
body (see region marked "S" - Figure 1.15, in Chapter I) show the greatest degree of Zr 
and Hf depletion, as well as the most prominent negative anomalies of Rb, K. Ta and P. 
The carbonatite intrusion in bebedourites, which forms the main C2 body in Figure 1.15, 
shows patterns intermediate between the other two types. 
These relationships suggest that the chondrite-normalised trace-element pattern 
of C2 carbonatites becomes progressively more irregular, and the characteristic 
depletion in Rb, K, Ta, Zr and Hf become more pronounced with magmatic evolution. 
Alternatively, as suggested in Chapter n, it is possible that the main C2 body is a 
composite intrusion of more than one batch of carbonatite magma. As observed for CI , 
the Zr/Hf ratio tends to decrease with the degree of Zr and Hf relative depletion, 
changing from > 1 in the least depleted rocks to < 1 in the most depleted. 
Rocks from the C3 and C4 units have most of the features observed in the 
spiderdiagrams for previous carbonatite units, but the magnitude of the anomalies is 
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Figure TV. 28 - Normalised trace-element diagrams for carbonatites from: (a) C3 and C4; (b) C5. Shaded 
field is the range of phlogopite-picrites. Concentrations normalised to chondrite (except Rb, K and P) 
according to Thompson et al. (1984). 
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Figure IV.29 - Normalised trace-element diagrams for various types of Salitre carbonatites. 
Concentrations normalised to chondrite (except Rb, K and P) according to Thompson et al. 
(1984). 
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smaller. C3 carbonatites, in particular, shows the closest approximation to the pattem of 
phlogopite-picrites. A significant difference is observed in the behaviour of Nb and Ta 
between the carbonatites from C1-I-C2 units and those from C3-I-C4. While carbonatites 
from the former two units show a conspicuous negative Ta anomaly, the latter have 
Nb/Ta ratios that are similar to those of the phlogopite-picrites, although in C4 the 
absolute concentrations of both Nb an Ta are significantly lower. The Zr-Hf section of 
the spiderdiagram does not show the slope inversion observed in CI and C2. Finally, it 
should be noted that the likeness observed in key chemical features between C3 and C4 
is consistent with the similarities previously noted in the petrography and mineral 
chemistry of these rocks. 
The chondrite-normalised trace-element patterns for the late-stage 
magnesiocarbonatites of the C5 unit most closely resemble those of the 
calciocarbonatites in C I , with very prominent negative anomahes of Ta, Zr and Hf, and 
variable but mostly high REE contents. As in CI (and to a lesser extent in C2) the 
Nb/Ta ratio of C5 carbonatites is extremely high, which implies a strong fractionation 
between these two elements. Possible causes for this will be discussed in the next 
Chapter. 
Finally, a number of carbonatites from the Salitre complex were analysed during 
the present research. The trace-element and REE patterns for selected Salitre samples 
are presented in Figure IV.29. The Salitre rocks show the same features that typify 
Tapira carbonatites, such as high REE contents and negative anomalies of Ta, Zr and 
Hf. A l l of these features seem to be more prominent in the magnesiocarbonatites than in 
the calciocarbonatites, suggesting that carbonatite evolution leads to a continuous 
enhancement of these typical geochemical signatures. It is noteworthy that the 
ferrocarbonatite sample shown in the Figure IV.29 is extremely enriched in Nb. 
IV .3 - STABLE CARBON AND OXYGEN ISOTOPES 
Carbon and oxygen stable isotope data have been reported for the APIP 
carbonatite complexes of Araxa, Catalao and Tapira, by Santos and Clayton (1995) and 
Toyoda et al. (1994). However, the main emphasis of these works was placed on 
regional-scale comparison between complexes, and they do not account for possible 
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variations with carbonatite stratigraphy within individual complexes. Furthermore, 
previous studies do not include data for the Salitre complex, and the data available for 
Tapira comprise mainly samples with relatively high ^^ O contents, which are likely to 
have been affected by pervasive post-magmatic recrystallisation (see discussion below). 
A carbon and oxygen stable-isotope study of calcites and dolomites from Tapira 
and Salitre was carried out during this research, with a view to investigating the 
existence (or otherwise) of primary carbonates in both complexes, and to monitor 
processes such as the within-complex isotopic evolution and the effect of hydrothermal 
alteration in Tapira. A smaller number of carbonate-rich dykes (phlogopite-picrites and 
low-Cr dykes) were also analysed, to investigate possible genetic links of these rocks 
with the carbonatites, as suggested by petrographic and chemical evidence. The 
analytical procedures can be found in Appendix 1 and the results are tabulated in 
Appendix 3. 
I V . 3 . 1 - TAPIRA C O M P L E X 
Carbonatites 
. Figure iy.30 shows the isotopic composition of the Tapira carbonates, using the 
"delta per mil" notation, given by 
d = 
^ R sample ^ 
R reference J 
where R represents the isotope ratio (i.e. ^^ O/^ ^O for oxygen and ^^ C/^ ^C for carbon). 
The reference values are the Standard Mean Ocean Water (SMOW), for S'^ O, and the 
Pee Dee Belemnite (PDB), for 5^^C. 
Tapira carbonatites follow a trend of positive correlation between 5^^0 and 5^ ^C. 
With respect to carbon, most samples plot within the expected range of variation for 
primary igneous carbonate. The oxygen isotopic composition is more variable, with 
approximately half the samples plotting within the field of primary carbonatites, while 
18 
the remainder are relatively enriched in O. Nevertheless, the values obtained for 
Tapira carbonatites during this research are generally lower than those of Santos and 
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Clayton (1995) and Toyoda et al (1994). 
Despite the noticeable correlation between 6^^0 and 5^^C, observed for the 
whole set of analyses, data in Figure IV.30 still show considerable scatter. However, i f 
calcite and dolomite are considered separately, the latter shows excellent correlation 
between 6^ ^C and 8^^0, plotting along a hne with an approximate slope of 0.5 (except 
for the very lowest 6^ ^C contents). Most calcite analyses plot to the right of this line, 
and, although a positive correlation is still visible, calcite is clearly responsible for most 
of the scatter in the diagram. One anomalous sample shows much lower 5'^0 than the 
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Figure IV.30 - Carbon and oxygen stable isotope composition of calcites (solid squares) and dolomites 
(open circles) from Tapira carbonatites. The solid-line box is the expected composition of mantle-derived 
(primary) igneous carbonatites (Taylor et al, 1967). The lower 8^C limit of the box is set at -8.5, to 
include the composition of Oldoynio Lengai carbonatites (J. B. Dawson, personal communication, 1999) 
Dashed line shows the trend of Tapira dolomites. Dolomite from the reaction rock (star) is plotted for 
comparison. 
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Progressive enrichment in both ^^ C and '^O is expected for carbonates 
undergoing Rayleigh fractionation in the presence of a H2O- and C02-bearing fluid (or 
magma), and is dependent on the H2O/CO2 ratio of the system (e.g. Pineau et al., 1973). 
On the other hand, the disparate behaviour between calcite and dolomite, described 
above, suggests that post-magmatic processes may have disturbed the system. Figure 
rv.31 shows the isotopic composition of pairs of coexisting calcite and dolomite in all 
analysed samples. The data set includes carbonatites and mafic dykes, and the dolomite 
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Figure IV.31 - Isotopic composition of pairs of coexisting calcite (solid circles) and dolomite (open 
circles), in Tapira carbonatites and mafic dykes. 
In a system in equilibrium, some isotope fractionation can be expected between 
coexisting calcite and dolomite, with the latter being enriched in both 5'^ C and S^^O 
relative to calcite (Deines, 1989). The negative oxygen fractionation (i.e. 6'^Ocaicite > 
5'^Odoiomite) obscrvcd in many of the analysed pairs suggests, therefore, that the two 
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minerals are in isotopic disequilibrium, lending further support to the inference of post-
magmatic disturbances to the system. The two samples where isotope fractionation is in 
the expected direction (i.e. higher 5^^0 and 5^ ^C in dolomite) are fine-grained 
carbonatite dykes. Also note that the dolomites from mafic dykes fall to the left of the 
dashed line (the carbonatite "dolomite trend"). 
Carbon fractionation between analysed pairs of calcite and dolomite is variable: 
most samples with low 5^ ^C do not show any significant variation in carbon isotopic 
composition between the two minerals. For the samples with higher values of 5^ ^C, 
dolomite is enriched in ^^ C relative to calcite. 
In some Tapira carbonatites, the post-magmatic alteration produces strings of 
"cloudy" recrystallised carbonates which exsolve Sr- Ba- and REE-rich phases, as well 
as oxide minerals. Therefore, further insight can be gained on the influence of post-
magmatic alteration by studying these carbonates. Ideally, this study should be carried 
out on individual grains (e.g. by ion microprobe fitted with a laser fluorination system), 
given the grainsize scale of the observed variations in mineral chemistry. During this 
research, an alternative, semi-quantitative approach was adopted, making use of the fact 
that the exsolved opaque minerals increase the magnetic susceptibility of the host 
carbonate grain, and thus enable the use of magnetic means (e.g. Frantz separator) to 
obtain concentrates of fresh and altered carbonates. As this is only intended to provide 
the general direction of the isotopic shift produced by post-magmatic alteration, it is not 
crucial that the concentrates are of extreme purity. The results are displayed in Figure 
IV.32. The isotopic composition of most samples is shifted towards higher 5^^0, in 
some cases by a substantial amount, with only one sample where a small shift in the 
opposite direction was observed. 
Although there is some variation in the behaviour of carbonate pairs. With some 
cases of 5'^C enrichment in the altered carbonate, the overall changes in oxygen are of 
far greater intensity, suggesting that one might expect greater shifts in 6^^0 than in 5'^C, 
during post-magmatic alteration. This may be related to a high H2O/CO2 ratio of the 
fluids involved. At first sight the patterns observed in Figure IV.32 would suggest that 
both calcite and dolomite are equally susceptible to changes in isotopic composition 
when subjected to late-stage alteration. However, it should be noted that the samples 
represented were deliberately chosen for clearly displaying a second (recrystallised) 
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generation of carbonate in thin section. 
Given the relationships observed in Figure IV.30, it seems more likely that the 
isotopic composition of calcites was more readily disturbed than that of dolomites. This 
may be especially true where signs of recrystallisation are not obvious from the thin 
section. When the rock was obviously subjected to alteration (e.g. samples in Figure 
rv.32, also note the high 5^ 0^ of the dolomite from the reaction rock, in Figure IV.30), 
both calcite and dolomite appear to have been affected. Negative isotope fractionation 
of oxygen between dolomite and calcite (Figure IV.31) has been interpreted as an 
indication that calcite was isotopically changed whilst dolomite retained the original 
isotope composition (Deines, 1989). This model seems to hold for Tapira carbonates. 
5 ' ' 0 ( S M O W ) 
Figure IV.32 - Isotopic variation between concentrates of "clear" (fresh) and "cloudy" (altered) 
carbonate. The lines join concentrates of the same sample, arrows point towards the altered 
carbonate. 
When considered individually, the different carbonatite units from Tapira show 
restricted isotopic ranges, which are distinctive for each unit (Figure IV.33). An 
immediate distinction can be made in the diagram, between those samples from the 
larger-volume, coarser-grained, carbonatite intrusions, which are concentrated in the 
lower part of the overall trend, and the finer-grained carbonatite dykes, which have 
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generally higher values of both 5^ ^C and 5^^0. It is also evident that the units C2, C3, 
C4 and C5 are more or less aligned with the trend of Tapira dolomites, and that 
18 
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Figure IV.33 - Isotopic composition of Tapira carbonatites by unit (CI to C5). C2 carbonatites are 
further subdivided in fields "a" to "d" (see text). Composition of dolomite in the reaction rock (star) and 
the general direction of isotopic changes due to post-magmatic alteration are also indicated. 
The concept that the dolomite trend reflects isotope fractionation during 
magmatic evolution of the carbonatites (and not post-magmatic alteration) seems to be 
supported by the fact that individual units show restricted compositional ranges, 
suggesting that each unit represents a discrete step in the evolution history of carbonatite 
magmatism in Tapira. It should be noted that the CI unit is the largest, central body of 
carbonatites in Tapira, and the 0-enrichment of these rocks, relative to the smaller 
intrusions, may be the result of more vigorous hydro/carbothermal systems associated 
with this particular intrusion. 
247 
J. A. BROD 
C2 rocks are a remarkable exception to the generally restricted range of isotopic 
variation within individual carbonatite units, since C2 carbonatites alone span the 
widest compositional range in Figure IV.33. However, it should be noted that this unit 
encompasses rocks with widely variable modes of occurrence, collectively placed in C2 
on the basis of chemical and mineralogical similarities (Chapters I , n, HI) These 
comprise: a) coarse-grained bodies intrusive in B l bebedourites, b) coarse-grained 
carbonatites that intrude and brecciate syenites, c)fine-grained carbonatite dykes found 
in various locations in the complex and d) high-level (explosive) breccias in the Tapira 
mine area. If these sub-units are individualised, a relationship between isotopic 
composition and mode of occurrence becomes evident. Accordingly, a number of trends 
(a to d) are depicted in Figure IV.33. Sub-units (a) and (b) plot within the box of 
primary carbonatites. Although carbonates in the syenite-carbonatite breccias seem to 
have a slightly lower 5^^0, the two fields are virtually indistinguishable in the scale 
adopted. Carbonates from both sub-units (c) and (d) are enriched in '^C and ^^ O relative 
to the coarser grained intrusions, and may represent more evolved isotopic composition. 
Note that the calcite (but not the dolomite) in the groundmass of the high-level breccias 
is slightly enriched in 6^^0. This is not unexpected, since these rocks would be 
particularly susceptible to post-magmatic alteration. 
Mafic dykes 
The isotopic composition of calcites and dolomites of a number of phlogopite-
picrites and low-Cr dykes are presented in Figure IV.34, together with the field for all 
Tapira carbonatites. 
The majority of the carbonates in the mafic dykes plot within the field of Tapira 
carbonatites, and approxirnately one half of the samples plots within the range of 
mantle-derived compositions. Calcite analyses show a considerable scatter, which is 
consistent with the behaviour previously noted for the carbonatites, and the calcite-
dolomite isotopic disequilibrium is also present in carbonate pairs from the mafic dykes. 
The trend of dolomite evolution in Tapira carbonatites is also plotted in the diagram. 
However, the dolomites from the mafic dykes do not plot along this line, but have 
slightly lower O than those in the carbonatites. Given the small number of dolomite 
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analyses from mafic dykes, it is impossible to constrain their evolution path. However, 
i f it is assumed that they followed a fractionation trend similar to the carbonatite 
dolomites, the transposition of the "dolomite-trend" (from Figure rv.30) should fit the 
analyses from the mafic dykes. This is illustrated by trend labelled (2) in Figure IV.34. 
While one should be aware that this is a largely unconstrained assumption, it is possible 
that the area between trends (1) and (2) represents better the range of primary isotopic 
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Figure IV.34 - Carbon and oxygen isotope composition of groundmass carbonate in phlogopite-picrites 
and low-Cr dykes from the Tapira complex. Squares = calcite, circles = dolomite. 
The effect of late-stage disturbances in the isotopic system of mafic dykes seems 
to be more complex than that observed in the carbonatites. A similar shift towards 0 
enrichment can be argued, but some samples appear to define a negative slope in the 
diagram, where O enrichment is accompanied by C depletion. It is possible that more 
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than one process was involved in disturbing the carbon and oxygen isotopic system of 
the dykes. Some authors (e.g. Zheng, 1990; Demeny and Harangi, 1996) have suggested 
that degassing of a fluid containing C O 2 may produce trends similar to that observed in 
Tapira mafic dykes. The presence of post-magmatic alteration does not invalidate, of 
course, the inference that the original carbonate in the groundmass of the mafic dykes 
was primitive and similar in composition to that of the carbonatites, as shown by the 
18 
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Figure IV.35 - Carbon and oxygen stable isotope composition of calcites (solid squares) and dolomites 
(open circles) of carbonatites from the Salitre complex. Trend of Tapira dolomites and possible paths of 
post-magmatic alteration are also shown. 
I V . 3 . 2 - S A L I T R E COMPLEX 
Only carbonatites from Salitre were analysed for carbon and oxygen isotopes. In 
contrast with Tapira, a long drill core section of Salitre carbonatite was available for 
sampling during this research. This enabled the collection of exceptionally ftesh 
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samples, from much deeper into the core of the carbonatite intrusion (and, consequently, 
less prone to have been exposed to the peripheral hydro/carbothermal alteration 
systems). Calcite analyses were carried out in samples of calciocarbonatites and one 
ferrocarbonatite; dolomite analyses were from magnesiocarbonatites. The results are 
shown in Figure IV.35. 
As expected from the absence of obvious signs of postmagmatic alteration, both 
calcite and dolomite plot in a trend of positive correlation between 5'^ C and 5^^0. More 
significantly, all samples analysed are contained in the "dolomite-trend" of Tapira rocks, 
lending further support to the interpretation (see above) that, in Tapira, the dolomites 
retained their original isotope composition while calcites were isotopically modified by 
post-magmatic processes. Finally, it should be noted that all analysed calcites and 
dolomites from Salitre plot well within the range of primary carbonatites, regardless of 
the compositional rock-type (calcio- ferro- or magnesio-carbonatite). 
I V . 3 . 3 - COMPARISON WITH OTHER CARBONATITE COMPLEXES 
The volume of carbon and oxygen stable isotope data now available for 
carbonatites world-wide is large, and the isotopic evolution trends of different 
complexes are quite variable (e.g. Deines and Gold, 1973), depending on each 
individual history of fractionation, contamination and post-magmatic alteration. 
Therefore, any attempt to establish long-range correlations or to detect a common 
"isotopic signature" for different carbonatite complexes (unless the study is restricted to 
unevolved/unaltered samples) seems fruitless. 
Rather than attempting intra-provincial correlations. Figure IV.36 compares the 
carbonatites from Tapira and Salitre with examples of three carbonatites that underwent 
very distinct isotopic histories. Jacupiranga, in southeastern Brazil, is considered an 
example of carbonatite whose carbon and oxygen isotopes were not extensively 
modified by assimilation of crustal material (Nelson et al, 1988) or late-stage 
fenitisation (Santos, 1994; Santos and Clayton, 1995), and as such, plots in a restricted 
field, inside the range of mantle-derived isotopes. The Chiriguelo carbonatite, in 
northeastern Paraguay, shows a wide variation in 5^^0, which is interpreted by Censi et 
al. (1989) as the result of the influx of meteoric waters at very low temperature 
conditions, after hydrothermal re-equilibration of the carbonatite. The Mato Preto 
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Carbonatite, in southeastern Brazil, shows a steep trend, with wide variations in 6'^ C 
which result from contamination with the limestone country rock (Santos et ai, 1990; 
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Figure IV.36 - Comparison of the carbon and oxygen isotope data of Tapira (light-shaded field) and 
Salitre (dark-shaded field) with the carbonatite complexes of Chiriguelo (Censi et al., 1989) Jacupiranga 
and Mato Preto (Santos, 1994; Santos and Clayton, 1995). 
Tapira samples do not show either the strong S^ O^ enrichment of Chiriguelo or 
the strong 5^ ^C enrichment of Mato Preto. The least isotopically evolved samples from 
Tapira and all analysed samples from Salitre plot within the primary carbonatite box. 
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resembling those of Jacupiranga. Also note that both Salitre and Jacupiranga plot within 
or very near the lower end of the Tapira "dolomite trend". 
IV.4 - S R A N D N D I S O T O P E S 
Selected samples of wehrlite, bebedourite, mafic dykes, syenite and carbonatite 
were analysed for Sr and Nd isotopes, with a view to investigating the relationships 
between carbonatites and silicate rocks in the Tapira complex and to identify possible 
effects of crustal contamination, as well as to compare Tapira rocks with other 
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Figure IV.37 - Sr and Nd isotopic composition of Tapira rocks (solid squares), compared with other 
ultrapotassic provinces. Data sources are: Serra do Mar, Thompson et. al. (1998); Little Murun, Mitchell 
et al. (1994); East Paraguay carbonatites, Castorina et al. (1996). All other fields after Gibson et al. 
(1995b), and references therein. 
The results are illustrated in Figure IV.37, in terms of e Nd and initial ^^ Sr/^ ^Sr 
ratios. Most Tapira rocks plot within the field of the Alto Paranaiba Igneous Province, 
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suggesting that they are derived of a source similar to the other ultrapotassic rocks of the 
APIP. A small group of samples, however, shows a shift towards higher ^^ Sr/^ ^Sr, which 
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Figure IV.38 - Detail of Sr-Nd diagram, showing the composition of Tapira carbonatites (open squares), 
ultramafic plutonic rocks (wehrlites and bebedourites, solid circles), syenites (crosses) and mafic dykes 
(open triangles). Also shown are the compositions of APIP kimberlites, and fields for APIP kamafugites 
and phlogopite-picrites (Data from Gibson et al., 1995b). 
Figure IV.38 shows the same diagram on a more detailed scale, to allow the 
representation of Tapira rock-types individually. The variation in e Nd is very small for 
the whole set of analyses, which are concentrated at e Nd values intermediate between 
those of other APIP phlogopite-picrites and APIP kamafugites. On the other hand, some 
significant variations can be observed in Sr/ Sr ultramafic rocks of the SPS have Sr 
isotopes similar to those of the carbonatites, although they plot along a trend of 
R7 Rr^  87 86 
Sr/ Sr-enrichment. The two analysed syenites show substantially higher Sr/ Sr 
ratios, plotting outside the overall field of APIP rocks. One of the analysed ultramafic 
dykes has a Sr-isotopic ratio like that of the carbonatites and ultramafic plutonics, but 
the other dyke plots near the syenites and has the highest calculated Sr/ Sr. Because 
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the variation in Nd isotopes is negligible, and consistent with the remainder of APIP 
magmatism, the data suggests that some degree of crustal contamination was 
responsible for the wider range observed in ^^ Sr/^ ^Sr. The effects of crustal assimilation 
and possible constraints on the petrogenesis of the Tapira complex will be will be 
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Figure IV. 39 - Composition of Tapira carbonatites (solid squares), compared with the majority of world 
carbonatites and South America + India carbonatites (Harmer and Gittins, 1998). Also shown are the 
East Africa Carbonatite Line (Bell and Blenkinsop, 1987) and the fields for APIP rocks (Gibson et al., 
1995b) and carbonatites from Eastern Paraguay (Castorina et al., 1996). 
Harmer and Gittins (1998) have recently presented a comprehensive compilation 
of Sr and Nd isotopic data for carbonatites world-wide, and concluded that 77% of their 
database plots within the limits of a parallelogram with the long sides parallel to the 
East African Carbonatite Line of Bell and Blenkinsop (1987), the main exceptions being 
carbonatites from India and South America. Figure IV. 39 shows the composition of 
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Tapira carbonatites compared with the results of Harmer and Gittins (1998). The 
samples analysed during this research fall outside the field of the majority of world-
wide carbonatites, but do not agree with the postulated South America and India 
compositions. Instead, Tapira carbonatites (as well as other APIP rocks and carbonatites 
from Paraguay) plot close to the East Africa Carbonatite Line, on the continuation of the 
parallelogram of Harmer and Gittins (1998). 
IV.5 - S U M M A R Y 
• Phlogopite picrites from the Tapira complex are carbonated, silica-undersaturated 
ultrapotassic rocks and show strong chemical affinity with rocks of the kamafugitic 
series. Their major- and trace-element composition is similar to kamafugitic rocks 
from the Alto Paranaiba Igneous Province (APIP), and virtually identical to 
phlogopite-picrites occurring elsewhere in the province. 
• The low-Cr dykes are slightly more evolved examples of ultramafic dykes in the 
Tapira complex. Some of the low-Cr dykes have trace-element signatures similar to 
the phlogopite picrites, but others show "anomalous" characteristics, such as 
negative anomaly at Th, high chondrite-normalised Nb/Ta ratios and positive 
anomalies at Zr and Hf. The chondrite-normalised REE patterns of this latter group 
are less steep, and "cross over" those of the phlogopite-picrites. 
• Some of the wehrlites and bebedourites from the B2 unit show the same 
"anomalous" geochemical signatures as the group of low-Cr dykes described above, 
and may be related to those rocks. 
• Tapira syenites are depleted in LREE, relative to the primitive phlogopite-picrites, 
and show strong enrichment in Zr and Hf. 
• Most Tapira carbonatites show extreme LREE/HREE fractionation, and are strongly 
depleted in Zr, Hf, Rb and K, relative to the primitive phlogopite-picrites. These 
rocks also typically show a very high chondrite-normalised Nb/Ta ratio. However, 
carbonatites from the C3 (and, perhaps C4) unit typically lack most of these 
features. 
• Syenites and carbonatites from the Salitre complex show geochemical 
characteristics similar to those observed in the Tapira counterparts. 
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Calcites and dolomites from Tapira carbonatites and carbonate-rich ultramafic dykes 
have carbon and oxygen stable-isotope compositions compatible with a mantle 
origin. However, they also show evidence of C O 2 degassing and late-stage 
hydrothermal alteration. Calcites seem to have been more affected by hydrothermal 
alteration than dolomites. 
Tapira carbonatites and silicate rocks show a restricted range of Sr- and Nd- isotopic 
ratios, mostly within the range of other APIP rocks. 
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V . l - I N T R O D U C T I O N 
The main objective of this Chapter is to explore the implications of the data 
presented in this thesis for the origin of Tapira magmas and to provide a model for their 
evolution. An assessment of the evidence and petrogenetic models presented by 
previous workers in the Alto Paranaiba Igneous Province (APIP), and their 
consequences for the petrogenesis of the Tapira complex, will be made initially. This is 
followed by the interpretation of the new data obtained during this research, and their 
consohdation in a petrogenetic model for Tapira. 
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V.2 - T H E M A N T L E S O U R C E S O F T H E A L T O P A R A N A I B A M A G M A T I S M 
The Cretaceous magmatism in the Alto Paranaiba Igneous Province (APIP) has 
been the subject of recent chemical and isotopic studies, which have attempted to 
identify the geochemical characteristics of the mantle sources of these rocks (e.g. 
Toyoda et al 1994; Bizzi et al, 1995; Gibson et al, 1995b; McDonald et al., 1995; 
Carlson et al,.1996). With the exception of Toyoda et al. (1994) a general consensus 
seems to emerge from these studies that the vast majority of APIP magmas originated 
from the sub-continental lithospheric mantle (SCLM), and that this mantle source was 
previously enriched in incompatible trace-elements. The predominance of rocks with 
mineralogical and/or geochemical affinities with those of the kamafugitic series, in both 
plutonic and volcanic settings of APIP, is also now widely recognised (e.g. Sgarbi and 
Valenga, 1993; Sgarbi and Caspar, 1995; Sgarbi et al., 1998; Gibson et al, 1994, 
1995b; Tompkins et al., 1998; Araujo et al., 1998). Finally, it is also generally accepted 
that the large-volume kamafugitic magmas were generated at shallower depths than the 
coeval small-volume kimberlites. 
However, the proposed models differ with respect to: a) the causes and tectonic 
controls of the magmatic activity; b) depth of melting of some of the magmas 
concerned; c) origin and nature of the processes which led to the enrichment of the 
mantle source. Some of the divergence in petrogenetic models proposed for the APIP 
may be attributed to inconsistency in the application of nomenclature schemes For 
instance, rocks from the locality of Limeira have been variably classified as kimberlites 
(Bizzi et al., 1995), kamafugites (Gibson et al., 1995b) and lamproites (Carlson et al., 
1996). Furthermore, Carlson et al. (1996) describe the Alto Paranaiba magmatism as a 
"mixture of sodic and ultrapotassic mafic volcanic rocks" (with the kamafugites as the 
sodic end-member) but this concept finds little support in most of the other recent 
studies of APIP, which regard the potassic to ultrapotassic rocks as vastly predominant 
in the province. 
Further complication is introduced by the adoption of different geochronologic 
frameworks for the Cretaceous alkaline magmatism surrounding the Parana Basin. For 
instance, Gibson et al. (1995a,b; 1997a) distinguish two separate episodes, in the Early 
and Late Cretaceous, that they associated with the impacts of the Tristan da Cunha and 
Trindade mantle plumes under the South American plate. In this scenario, the APIP 
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magmatism is considered to be related to the second (Trindade) event. On the other 
hand, the study of Bizzi et al. (1995) encompasses a much wider time interval (120-75 
Ma) for the Alto Paranaiba magmas. This apparent disagreement may partially result 
from the inherent scatter of old radiometric dates. A combination of the discussion in 
Gibson et al. (1995b) and in Thompson et al. (1998) about the relative accuracy of the 
published age determinations and the criteria for screening out potentially unreliable 
ages produces two peaks of activity, at the Early and Late Cretaceous. The continuity of 
the latter, from the Late-Cretaceous to the Eocene, is represented by the Serra do Mar 
Igneous Province, to the southeast of APIP, therefore suggesting a progression of the 
magmatic activity from west to east (Thompson et al., 1998). 
Some of the petrogenetic models suggested for the APIP are summarised and 
briefly discussed in the paragraphs below. 
Gibson et al. (1995b) proposed that the Late-Cretaceous impact of a mantle 
plume beneath the relatively thick lithosphere of SE Brazil, at around 85 Ma, is the 
cause of the widespread mafic to ultramafic, potassic to ultrapotassic magmatism in the 
Alto Paranaiba region. According to this model, the mantle plume acted mainly as a 
source of heat, which penetrates the overlying lithospheric mantle through conduction 
and/or advection by asthenosphere-derived melts. The result of this thermal perturbation 
is the melting of readily-fusible portions of the sub-continental lithospheric mantle 
(SCLM) which would, in turn, produce the voluminous ultrapotassic magmatism of the 
APIP. Evidence from major- and trace-element geochemistry, and from Sr-Nd isotopic 
ratios, points to an origin of APIP ultrapotassic magmas within the SCLM. Plate-
tectonic reconstructions (e.g. Morgan, 1983; O'Connor and Duncan, 1990) place the 
starting head of the Trindade mantle plume under the Alto Paranaiba region in the Late 
Cretaceous, thus lending further support for the association between the arrival of this 
mantle plume and the APIP magmatism. In this scenario, the Brasilia mobile belt, where 
the ultrapotassic magmas were emplaced, would have acted as a "thinspot" relative to 
the thicker lithosphere of the adjacent Sao Francisco craton, thus favouring a greater 
degree of asthenospheric upwelling and, consequently, the production of APIP magmas 
from the overlying SCLM. 
The reconciliation of the high degree of LREE/HREE fractionation with the high 
absolute abundances of REE requires that the mantle source had been enriched in 
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incompatible elements prior to partial melting. This enrichment is attributed by Gibson 
et al. (1995b) to the percolation of K- and Ca- rich small-fraction melts from the 
asthenosphere, possibly involving a combination of sihcate-and carbonate- rich melts. 
Finally, detailed variations in the chemical properties of kamafugites, lamproites 
and kimberiites from APIP led Gibson et al. (1995b) to suggest heterogeneities in the 
source regions of these rocks. Thus, the high CaO and Sc of the kamafugites are 
interpreted as indicative of a clinopyroxene-rich (wehrlite, or peridotite veined by 
clinopyroxene-rich material) mantle source for these magmas. The favoured mechanism 
for the production of the postulated source mineralogy is the conversion of mantle 
harzburgite or Iherzolite to wehrlite by reaction with dolomitic carbonatite melt (e.g. 
Dalton and Wood, 1993a; Moore and Wood, 1998). This is believed to take place at 
relatively low pressures in the mantle (< 25 kb), suggesting a relatively shallow origin 
for the kamafugite magmas. On the other hand, the presence of high-pressure 
assemblages in xenoUths (Carvalho and Leonardos, 1995) and the high MgO/CaO ratio 
of the Tres Ranchos kimberlite suggests a much deeper (> 150 km), clinopyroxene-
depleted source. Some of the geochemical characteristics of the APIP lamproitic rocks 
(e.g. CaO, AI2O3, Sc concentrations) are intermediate between those of the kamafugites 
and those of the Tres Ranchos kimberlite, suggesting that the source for the lamproitic 
magmas is somewhat depleted in clinopyroxene with respect to the kamafugites. Gibson 
et al. (1995b) also interpreted the relatively low SiOi and high CaO contents of these 
rocks., when compared with typical lamproites, as indicative of slightly C02-rich 
conditions in the source. They further suggested that the higher K and Ti of these rocks, 
relative to APIP kamafugites and kimberlites, as a result of incorporation of phlogopite 
into the melt, favouring a locally less-oxidised environment for the mantle source of 
APIP lamproites. 
Bizzi et al. (1995) proposed an origin from lithospheric (EMI-like) mande for 
melts formed at relatively shallower depths (i.e. kamafugites and carbonatites), and a 
mixture of upwelling asthenospheric (HIMU-like) melts and a volumetrically dominant 
EMI component for the rocks derived from greater depths (kimberlites). They 
interpreted the kamafugitic and other "rift-related alkalic rocks" as the crystallisation 
products of relatively evolved magmas suggesting, on the basis of the observed low 
magnesium number (49 to 53), that such liquids have suffered previous fractionation of 
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olivine and, possibly, chromite. On the other hand, such differences may also be 
attributed to variable degrees of partial melting (Gibson et al., 1995b) or mineralogical 
variations in the source (Carlson et al., 1996). The mg-number values obtained by 
Gibson et al. (1995b) in kamafugitic lavas are significantly higher (up to 74) than those 
of Bizzi et al. (1995), suggesting a less evolved character for these magmas. 
The extreme LREE enrichment of the APIP magmas, accompanied by lesser 
variation in the HREE, is interpreted by Bizzi et al. (1995) as indicative of the presence 
of residual garnet in the mantle source of APIP magmas. These authors suggest that an 
increase in the depth of melting in the province, from east to west, resulted in the 
genesis of kamafugites in the eastern portions of APIP and kimberlites in the west. This 
seems to be supported by evidence from platinum-group-element geochemistry (Bizzi et 
al., 1995; McDonald et al., 1995). Furthermore, the mechanism proposed for the 
generation of melts at several different depths invokes the control of rift-related 
structures, consistent with the fact that the shape of the Sanfranciscana Basin, which 
contains the Mata da Corda kamafugites, is tectonically controlled (Seer et al., 1989). 
The geotectonic scenario proposed by Bizzi et al. (1995) has important economic 
implications, especially for the exploration of diamond and carbonatite-related deposits 
(e.g. Nb, P, Ti). However, it is difficult to reconcile with the following: 
a) the possible subsurface continuity of the Sao Francisco craton westwards, 
under the thin-skinned thrust cover of the Brasilia belt (see discussion in Chapter 
I). This would imply a progressively thicker lithosphere from west to east, across 
the geographic domain of the Brasilia belt. 
b) the evidence presented in this thesis and in Gibson et al. (1995b) indicates 
that the magmatism of kamafugitic affinity is not limited to the area covered by 
Mata da Corda Group, in the eastern region of APIP. Furthermore, the carbonatite 
complexes, which are equally thought to have been generated at relatively shallow 
depths in the mantle, are all emplaced to the west of the main outcrop area of the 
Mata da Corda Group. In this sense, it should be noted that the carbonatite 
complexes of Catalao I and n are even located to the west of the Tres Ranchos 
kimberlite. 
c) the tectonic constraints proposed by Bizzi et al. (1995) rely heavily on their 
interpretation that the magmatism in the APIP is controlled by extension and 
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rifting. Mafic potassic, volatile-rich magmas are generally thought to represent the 
initial stages of melting, upon heating and/or extension of the sub-continental 
lithospheric mantle (McKenzie, 1989; Thompson et al, 1990; Gibson et al, 
1995b). With continuing extension and rifting, the magmatic activity may 
progress towards less alkaline varieties and, ultimately, result in the production of 
continental flood basalts (CFB) from the upwelling asthenosphere. In the case of 
the APIP, the mafic potassic, strongly alkaline and undersaturated magmas are 
vastly predominant and a typical rift-related succession of Late-Cretaceous age, 
including decompression melts from the asthenosphere, has yet to be described. 
d) some of the rift-related rocks described by Bizzi et al. (1995) are as old as 
120 Ma and, therefore, may be associated with the Early-Cretaceous magmatic 
event (e.g. Parana CFB and some of the alkaline provinces situated at the margin 
of the Parana Basin further to the south - see Chapter I), rather than with the Late-
Cretaceous APIP magmatism. 
Bizzi et al, (1995) pointed out that the APIP magmas carry a Dupal signature, 
both in terms of Sr and Pb isotopic ratios whose origin is attributed to the Late-
Proterozoic tectono-thermal event associated with the development of the Brasilia belt. 
On the basis of the isotopic similarities with South Atlantic hot spots (e.g. the Tristan-
Walvis Ridge system), they suggest that the asthenospheric sources of the OIB were 
contaminated with the delaminated Brazilian lithosphere. 
Carlson et al. (1996) also favoured a lithospheric source for the APIP magmas, 
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based on Os-isotope evidence. They point out that the low Os/ Os ratios indicate a 
basalt-depleted peridotitic source for the APIP kimberlites, whilst lamproites were 
derived from a peridotite slightly to moderately depleted in a basalt component. The 
higher ^^ ^Os/^ ^^ Os and higher Re/Os of the kamafugites favour a source composed of 
hthologies such as pyroxenite, websterite and/or eclogite. They concluded that some of 
the highest-MgO (kimberlites) magmas emplaced in the Brasilia belt retain evidence of 
an Archaean/Early Proterozoic Re-depletion event. This is consistent with independent 
evidence from gravimetric (Pires, 1986) and seismic (VanDecar et al., 1995). data, as 
well as xenolith studies (Leonardos et al, 1993; Carvalho and Leonardos, 1995) for the 
sub-surface continuity of the Sao Francisco Craton under the thrust slices of the Brasilia 
belt. However, Carlson et al. (1996) emphasise that this older Os signature does not 
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extend as far west as the Tres Ranches kimberhte, suggesting that the source of the Tres 
Ranchos kimberlite is composed of an Archaean Hthosphere that suffered Re-
enrichment by metasomatism during the Late Proterozoic. The sources of lamproites 
and kamafugites would have been accreted to the Hthosphere during the formation of the 
Brasilia belt, in the Late Proterozoic. 
With regard to the isotopic similarities between the EMI component of the 
Brazilian SCLM and the OIB erupted from South Atlantic hot-spots, such as Tristan da 
Cunha, Carlson et al. (1996) adopt an approach similar to that of Bizzi et al. (1995), 
suggesting that delamination of the Brazihan lithosphere, and its incorporation into the 
convecting mantle, is responsible for the isotopic characteristics of the OIB. They also 
point out that the EMI signature of the Brazilian SCLM originated during the collisional 
event that formed the Brasilia belt, suggesting that the denser lithosphere of the mobile 
belt was preferentially involved in the delamination process. 
' In an earlier isotopic study of various Brazilian carbonatites Toyoda et al. (1994) 
also recognised a Dupal-type signature. They divided the studied rocks into a southern 
group, comprising AnitapoHs and Jacupiranga carbonatites, associated in time and space 
with the Early-Cretaceous position of the Tristan da Cunha mantle plume, and a 
northern group (Araxa, Tapira and Catalao) coinciding in space and time with the Late-
Cretaceous starting point of the Trindade mantle plume track. However, Toyoda et al. 
(1994) conclude that carbonatites from both groups have similar Pb and Sr signatures, 
and that their isotopic ratios reflect the influence of the Tristan plume. Their favoured 
petrogenetic model postulates that the mantle source for northern group (i.e. APIP) 
carbonatites is asthenospheric material from the Tristan plume, which became trapped 
under the crust and was reactivated in the Late Cretaceous by the Trindade hot-spot. In 
their teleseismic study of the region, VanDecar et al. (1995) proposed a similar 
geotectonic framework, interpreting a seismic low-velocity zone under the northern 
Parana Basin as the fossil remnants of the Tristan plume. 
Sasada et al. (1997) presented noble-gas isotopic data for Brazilian (Jacupiranga 
and Tapira) and Canadian carbonatites. They conclude in support of a primordial noble-
gas signature for these rocks, and found no evidence of subduction-related components. 
They suggest that the mantle source of the studied carbonatites differs substantially from 
MORB, being relatively undegassed in comparison with the latter. 
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Further constraints on wide-scale provinciality, and the role of . the 
asthenospheric versus lithospheric mantle source in the Cretaceous magmatism 
surrounding the Parana Basin were established by Gibson et al. (1995a). These authors 
recognised "Low-Ti" and "High-Ti" melt source regions (located, respectively around 
the southern and northern Parana Basin) for the mafic potassic igneous rocks from SE 
Brazil and Paraguay. They highlighted the strong correlation of these domains with 
both: a) the distribution of the low- and high-Ti Parana CFB (cf. Peate et al, 1992) and 
b) the tectonic framework of the area (i.e. association of the low-Ti type with cratonic 
. areas and the high-Ti type with mobile belts). Gibson et al. (1995a) interpret this 
provinciality as ultimately reflecting differences in the underlying SCLM, with the 
lower time-integrated *'^ ^Nd/''^ '^ Nd and the higher Nd model ages of the low-Ti potassic 
rocks suggesting a mantle source that had undergone metasomatic enrichment in the 
Early Proterozoic. 
It could be argued that the work by Toyoda et al. (1994) was concerned with 
carbonatites only, and that evidence from the study of silicate alkaline magmas does not 
necessarily apply, unless the two rock-types share a common origin. In the case of the 
Tapira and Salitre complexes, the data presented in this thesis strongly suggest that the 
origin of the carbonatites is inextricably Unked with the ultrapotassic magmatism in the 
province (see discussion below). If this is the case, then the widespread, low- and high-
Ti provinciality of the magmatism surrounding the Parana Basin argues against the 
single asthenospheric origin for "southern" and "northern" carbonatites envisaged by 
Toyoda et al. (1994). The same constraints seem to apply to other carbonatites emplaced 
around the margins of. the Parana Basin. Note, for example, that carbonatites from 
Eastern Paraguay have Nd isotopic signatures similar to the low-Ti mafic potassics of 
Gibson et al. (1995a). However they do not, apparently, apply to the Jacupiranga 
carbonatites. 
To date, it seems difficult to reconcile the tectonic/petrogenetic concepts of 
Toyoda et al. (1994) and Sasada et al. (1997) with those of Bizzi et al. (1995) and 
Carlson et al. (1996). For instance, Toyoda et al (1994), suggest that the Dupal 
signature of the APIP carbonatites is derived from an asthenospheric mantle plume, 
while the latter two works postulate that the Dupal signature of the South Atlantic 
mantle plumes is derived from the delamination of an EML-type Brazilian continental 
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lithosphere. 
In any case, the chronological relationship between the impact of the Tristan and 
Trindade plumes and the magmatism in Southern Brazil provides an attractive tectonic 
framework for the investigation of the Cretaceous magmatism in southern Brazil. 
However, it does not imply that some or most of the magmas must be generated within 
the ascending plume and, consequently, show a compulsory "plume" signature. In fact, 
for ultrapotassic provinces world-wide the geochemical and isotopic signatures of the 
local lithosphere seem to dominate over those of the convecting mantle (Mitchell, 
1996a). This is also demonstrated on a smaller scale, by the low- and high-Ti 
provinciality of mafic potassic rocks in southern Brazil (Gibson et al., 1995a). It is 
noteworthy, that APIP magmas lack the negative Nb-Ta anomalies (suggestive of a 
subduction component or, alternatively, of residual titanates in the source of the 
magmas) that are found in some occurrences of ultrapotassic to potassic rocks, such as 
those of the Aldan Shield (Bogatikov et al. , 1994), Highwood Mountains, Montana 
(O'Brien et al., 1995) Central Italy (Stoppa and Cundari, 1995) and Paraguay (Comin-
Chiaramonti^ra/., 1996) 
V . 3 - PETROGENESIS OF T H E TAPIRA C O M P L E X 
Various aspects concerning the origin and evolution of the Tapira rocks will be 
discussed in the remainder of this Chapter. An initial assessment of the evidence for 
magmatic liquids (or otherwise) in the studied samples is followed by the investigation 
of the possible sources of the primitive magmas associated with Tapira and by a 
discussion of the evolution of these liquids at crustal levels. 
V.3.1 - WHICH ROCKS WERE LIQUIDS? 
Any attempts towards a petrogenetic model for the formation of the Tapira 
complex must include an assessment of which of the studied rock-types are (i) likely to 
represent or approximate to liquids; and (ii) products of post-melting processes, such as 
crystal accumulation or liquid immiscibility. In particular, the coarse grained plutonic 
rocks may either be the product of in situ crystallisation, in which case their bulk-rock 
chemistry would tend to reflect that of the original magma, or they may be formed by 
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accumulation of one or more mineral phases, in which case the chemical composition 
will depart significantly from that of the liquid. In the case of ultramafic rock-types, the 
common occurrence of substantial variation in the modal composition of the rock means 
that textures and structures produced by crystal accumulation (such as igneous layering 
and changes in cumulus-intercumulus relationships of various phases) are more easily 
recognisable. However, both syenites and carbonatites can also be generated by 
accumulation processes, i.e. by flotation of feldspar and carbonate crystals, respectively, 
to the upper regions of a magma chamber. In coarse-grained varieties of these rocks, the 
recognition of accumulation processes may be difficult by petrographic means alone, 
and one must rely to a greater extent on the chemical evidence. 
Volcanic rocks or fine-grained dykes may provide a better estimate of the 
composition of the original magmatic liquids. If that is the case, an assessment of the 
possible effects of magma evolution is still required, to distinguish samples that may 
represent the primitive magmas from those which suffered modifications through 
fractionation, assimilation or liquid immiscibility. The following sections provide a 
discussion of the evidence on relevant rock-types studied during this research. 
Fine-grained dykes 
In sub-volcanic igneous complexes the obvious approach of geochemical studies 
is to investigate the chemical composition of the associated volcanic rocks, particularly 
of the glassy varieties, in order to obtain the closest approximation of the evolving 
magmas. Although the Tapira complex seems to have been ultimately intruded at a 
high-level (see discussion below) it is strongly weathered and deeply eroded, and no 
remnants of associated volcanic rocks are preserved in the immediate vicinity of the 
complex. 
An alternative approach, in the absence of glassy volcanics, is to investigate the 
fine-grained dykes associated with the intrusion. A number of fine-grained ultramafic 
potassic dykes (phlogopite-picrites and low-Cr dykes) and fine-grained carbonatite 
dykes from Tapira, as well as microsyenitic dykes from Salitre were studied during this 
research. Although some of the phlogopite- and carbonate- rocks have been previously 
mistaken for fenitisation products, the following petrographic and field evidence clearly 
2 6 7 
J . A . B R O D 
indicate their magmatic origin:, a) porphyritic textures, with euhedral phenocrysts; b) 
flow textures; c) flow-differentiation structures (in the phlogopite-picrites) and d) 
discordant tabular (dyke) shapes of the intrusions. 
The common presence of phenocrysts suggests that the fine-grained dykes may 
have been affected by crystal fractionation processes, to an unknown extent. This is 
particularly well illustrated by the accumulation of phenocrysts by flow differentiation, 
in the central portion of some phlogopite-picrite dykes. However, because the 
phenocrysts in phlogopite-picrites consist largely of oUvine, their influence on whole-
rock chernistry should not affect extensively the trace-element contents (other than Ni). 
This is illustrated (Chapter IV) by the very consistent REE- and trace-element patterns 
displayed by all analysed phlogopite-picrites. 
The chemical (e.g. high MgO, Cr and Ni contents, undifferentiated REE 
patterns, mantle-derived carbon and oxygen isotopes of the groundmass carbonate) and 
petrographic evidence suggest that the least evolved magmas in Tapira (phlogopite-
picrites) are primitive liquids. Tapira rocks are also compositionally similar to 
phlogopite-picrites associated with other APIP carbonatite complexes, and have strong 
geochemical affinities with the kamafugitic magmatism in the province. It has been 
argued (Bizzi et al. 1995; see discussion above) that APIP kamafugites do not represent 
primitive magmas but are relatively evolved. From the evidence presented in this thesis, 
the Tapira phlogopite-picrites are clearly capable of fractionating olivine and chromite, 
and should therefore be considered primitive. 
Other varieties, of fine-grained dykes (i.e. the low-Cr dykes, some carbonatites 
from Tapira, and the microsyenites from Salitre) are likely to represent evolved liquids 
or near-liquid compositions. In this sense, it is obvious from the petrography and major-
element chemistry that the low-Cr dykes are incapable of producing olivine- and/or 
chromite-rich cumulates. In fact, the extremely low concentrations of Cr and Ni in these 
rocks suggest that they evolved from a more primitive liquid (e.g. a phlogopite-picrite) 
by extensive precipitation of these same mineral phases. The composition of the low-Cr 
dykes is appropriate for the fractionation of clinopyroxene, apatite and some perovskite, 
which makes them an attractive alternative of parental liquids to bebedourite-like 
plutonic rocks. The low Cr and Ni, high Sc and CaO, and the occurrence of the same 
minerals as phenocrysts in the low-Cr dykes is consistent with this interpretation. The 
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evidence suggests that the low-Cr dykes can be considered the fine-grained equivalents 
of the bebedourites. 
However, many of the geochemical properties of the low-Cr dykes, described in 
Chapter IV (e.g. crossover REE patterns and dramatic changes in Th, Nb, Ta, Zr and 
Hf), especially in the more evolved specimens, are difficult to explain by fractionation 
of a particular phase or combination of phases. These variations may indicate the 
involvement of liquid immiscibility processes in the origin of these rocks, in addition to 
crystal fractionation, as discussed in a later section of this Chapter. 
Fine-grained syenites have not been found in Tapira, during this research. 
However, a set of microsyenite dykes from Salitre was studied, in order to gain some 
insight into the composition of the evolved, felsic silicate hquids associated with APIP 
carbonatite complexes. The euhedral, sometimes optically zoned phenocrysts of 
pyroxene, feldspar and feldspathoid (kalsilite?, nepheline?) set in a very fine-grained 
groundmass, often showing flow textures, testify to the magmatic character of these 
rocks. Also, the whole-rock chemical compositions define a trend consistent with 
magmatic differentiation of felsic liquids, and their trace-element signatures suggest the 
involvement of Hquid immiscibility processes in their genesis (see below) 
The fine-grained carbonatite dykes of the C2 unit may also represent magmatic 
liquids. This is suggested by textural evidence, such as the occurrence of 
microporphyritic textures, flow texture and euhedral carbonate microphenocrysts. 
Furthermore, the zoning patterns of calcite microphenocrysts (Chapter EI) and the 
fractionation patterns of carbon and oxygen isotopes (see below) are compatible with 
magmatic evolution processes, supporting the interpretation above. 
Taken together, the ultramafic to felsic range of dyke rocks provide the best (yet 
incomplete) available approximation of the range of alkaline magmas involved in the 
generation of the complex. 
Coarse-grained ultramafic rocks 
The rocks comprising the ultramafic section of the SPS are unlikely to represent 
magmatic liquid compositions. Field and petrographic evidence has been presented 
(Chapters I , 11), pointing to a cumulate origin for most of the studied samples The 
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whole-rock chemical composition of these rocks can also be satisfactorily explained in 
terms of accumulation of variable amounts of olivine, clinopyroxene, chromite, apatite 
and perovskite. The chemical evolution of several of the essential minerals (e.g. 
clinopyroxene, phlogopite, opaque minerals, perovskite - Chapter IE) is consistent with 
magmatic evolution and forms a substantial.body of evidence for the generation of these 
rocks by progressive fractional crystallisation from an undersaturated, alkaline, potassic, 
ultramafic parent magma. Similar rock suites have been ascribed a cumulate origin in 
carbonatite-bearing complexes from the APIP (Mariano and Marchetto, 1991). In 
Tapira, the field evidence, as well as some of the chemical and mineralogical variations 
observed in the ultramafic plutonic rocks point to a multi-stage evolution for the 
complex rather than a single differentiating intrusion. 
Coarse-grained syenites 
Figure V. 1 shows the composition of coarse-grained syenitic rocks from Tapira 
and fine-grained syenitic dykes from Salitre in the total alkalis vs. silica (TAS) diagram. 
The fields for the classification of volcanic rocks are included in the diagram for 
reference only. These fields may, perhaps, be relevant for the fine-grained dykes, but the 
rock-names obviously do not apply to the plutonic rocks from Tapira. The majority of 
Tapira samples have very high alkali contents and, apart from one pyroxene-rich 
sample, cluster tightly between 14 and 15 wt. % K20+Na20 (calculated on a dry basis, 
for this diagram). Together with the very high K20/Na20 ratios (Chapter IV) and the 
limited range of Si02 values, this may suggest that the chemical composition of Tapira 
syenites reflects the accumulation of K-feldspar crystals. 
Such an interpretation is consistent with the behaviour of these rocks in the 
quartz (Q) - nephehne (Ne) - kalsilite (Ks) system of Figure V.2. In contrast with the 
trend expected for evolved, felsic to holofelsic, coarse grained syenites, the Tapira rocks 
plot well away from the thermal nepheline-syenite minimum, and within the leucite 
field. The following reasons can be considered to explain this behaviour. 
a) The studied syenites were prevented from evolving until the nephehne-
syenite minimum was reached (i.e.. syenite magmas were "frozen" before 
complete evolution). This could conceivably be achieved i f the syenite magma 
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lost a substantial amount of volatiles, through a process such as degassing or 
separation of an immiscible carbonatite liquid, with sodium partitioning more 
strongly than potassium to the segregated fluid or melt. 
b) Tapira syenites consist mainly of K-feldspar crystals accumulated by 
flotation towards the upper portions of the magma chamber. This is consistent 
with the very high contents of K and Ba observed in Tapira syenites, when 
compared with the microsyenite dykes from Salitre. 
c) The experimental data in the Qz-Ne-Ks system does not accurately 
represent the phase relations of ultrapotassic syenites. Mitchell (1996c) suggested 
that the bulk composition of the parental magmas to some of these rocks lies well 
outside the quartz-nepheline-kalsilite system, and that perhaps the kalsilite-

































I I I 
60 
Figure V.l Composition of Tapira coarse-grained syenites (squares) and microsyenite dykes from Salitre 
(stars) in the total alkalis vs. silica diagram (Le Maitre et. al., 1989) . The shaded area represents the 
composition of kamafugitic rocks (after Mitchell, 1996a) 
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Figure V.2 - Composition of Tapira (squares) and Salitre (stars) syenitic rocks in the quartz - nepheline -
kalsilite system, with the phase relations at 1 atm, Ikb and 2 kb The top right diagram represents the 
liquidus phase relations at P(H20) = 1 kb. Qz = quartz, Ne = nepheline, Ks = kalsilite, Or = orthoclase, 
Ab = albite, Lc = leucite, L = liquid, M= ternary minimum. The shaded field represents the composition 
of syenites from the Baikal-West Aldan ultrapotassic province. Diagrams are from Mitchell (1996c) and 
Piatt (1996). 
A comparison of Tapira syenites with the fine-grained dykes from Salitre 
provides interesting constraints on this problem. Note that, in contrast with Tapira 
rocks, the analyses of the Salitre dykes plot along a well-defined trend towards the 
syenite ternary minimum (Figure V.2). This crystallisation path shows excellent 
agreement with experimental data; it is parallel to (and intermediate between) the 
trends of leucite + K-feldspar crystallisation at 1 and 2 kb. This suggests that the 
syenites differentiated at low pressure, and is consistent with several independent lines 
of evidence for a high-level emplacement of the Tapira and Salitre complexes, (see 
relevant sections in this Chapter). The open star in Figure V.2 is a syenite clast from the 
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Sao Gotardo locality, in APIP (Gibson et al., 1995b) and illustrates the high-K end of 
the fractionation trend of microsyenite dykes. It should be noted that, although the 
K2O/N2L2O ratios of the Salitre dykes are much lower (1 to 2.7) than those of Tapira 
coarse-grained syenites (5.8 to 34.6), they still approach the syenite minimum from the 
potassic side, consistent with the overall potassic to ultrapotassic character of APIP 
magmas. The Sao Gotardo sample has a K20/Na20 ratio of 31. 
The fact that the Salitre fine-grained rocks were able to evolve. along the 
expected crystallisation path, starting from highly potassic compositions, strongly 
suggests that phase relations in the Qz-Ne-Ks system provide an adequate framework 
for the description of the studied rocks. However, the question remains of whether, in 
Tapira, the syenites were "frozen" at an unevolved stage or represent accumulation of 
feldspar crystals. The scarcity of sodic fenites, when compared with the widespread 
products of potassic metasomatism observed in Tapira and in other APIP carbonatites 
complexes (Araxa, Catalao) seems to favour the second hypothesis. Some of the fenites 
surrounding the Tapira complex do contain sodic minerals (aegirine, albite), but there is 
no apparent spatial relationships between these fenites and the syenites. Note that the 
ultrapotassic syenites from the Synnyr and Little Murun complexes (Baikal-West Aldan 
ultrapotassic province, Mitchell, 1996c) behave similarly to Tapira samples in Figure 
V.2, failing not only to plot near the thermal minimum but even to define a trend 
towards it. Some of these rocks are described by Mitchell (1996c) as flotation 
cumulates, and this seems to be the most likely origin of Tapira coarse-grained syenites. 
Another interesting feature of the Tapira syenites is that their feldspars appear to 
be perthite-free, as far as optical recognition is possible. The extremely high contents of 
the orthoclase (Or) end-member in all microprobe analyses of these feldspars suggests 
that cryptoperthites are also absent. Regardless of whether they are cumulates or 
"frozen" unevolved magma, i f the dependence of phase relations (Figure V.2, top-right 
diagram) on pressure and temperature can be applied, one would expect hypersolvus 
crystallisation of the feldspars in Tapira syenites, with the subsequent generation of 
perthites upon coohng. According to Mitchell (1996a), some undersaturated potassic 
plutonic rocks, such as malignites (sensu Mitchell and Piatt, 1979, not synonymous with 
mela-foyaite) "contain a potassium feldspar whose composition falls outside the limits 
of the alkali feldspar solvus; thus, perthites cannot be formed in these rocks". This is, in 
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turn, interpreted as defining a "genetically distinct series of one-feldspar potassic 
syenites" (Mitchell, 1996c), in sharp contrast with the typical perthitic nature of feldspar 
in the more sodic syenites (e.g. foyaites). 
In addition to evidence presented earher in this thesis (e.g. XRD lines for 
kalsilite in Salitre microsyenites, high Ba content in feldspars from Tapira, similarities 
in pyroxene chemistry between Tapira and ultrapotassic plutonic complexes), the 
occurrence of non-perthitic orthoclase as the sole feldspar type lends further support to 
an ultrapotassic affiliation of Tapira syenites. Note that this is in disagreement with the 
interpretation of Haggerty and Mariano (1983) and Mariano and Marchetto (1991) that 
these rocks are "rheomorphic fenites" and also with the traditionally accepted notion 
(e.g. Le Bas, 1985) that pure orthoclase or pure albite are typical of syenitic fenites 
associated with carbonatite intrusions. Unfortunately, the Salitre dykes were not 
investigated by microprobe during this research, but the comparison of feldspar 
composition in both complexes seems a good prospect for future investigation. 
Coarse-grained carbonatites 
Whether the coarse-grained carbonatites from Tapira represent liquids or 
accumulation of calcite crystals is a difficult question. In some cases, particularly where 
the sample is virtually monomineralic (i.e. composed essentially of calcite) a cumulate 
origin can be readily accepted. Experimental evidence summarised by Lee and Wyllie 
(1998a,b) shows that a carbonated silicate magma cannot cross the silicate-carbonate 
liquidus field boundary through differentiation (see Figure V.IO). Therefore, rocks that 
are nearly-pure calciocarbonatites probably represent accumulation of calcite crystals, 
instead of the products of in situ crystallisation of the carbonatite (or silicocarbonatite) 
magma. In Tapira the chemical evidence suggests that the parental magmas of the 
complex were, ultimately, carbonate-rich silicate liquids (see discussion later in this 
Chapter). Accordingly, the coarse-grained, calcite-rich and silicate-poor carbonatites are 
interpreted here as flotation cumulates. However, some samples containing substantial 
amounts of silicate minerals could represent the final stages of fractionation from a 
silicate parental magma or, alternatively, the relatively unevolved product of liquid 
immiscibility. 
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V.3.2 - MANTLE ORIGIN OF THE TAPIRA MAGMAS 
Several lines of evidence, from this research and from previous works on Tapira 
point to a mantle origin for the magmas that originated the complex. 
The relatively restricted Sr and Nd signatures of APIP rocks, together with the 
isotopic similarities between Tapira rocks and the remainder of the APIP (Chapter IV) 
suggest a broadly similar mantle source for the whole of the Late-Cretaceous 
ultrapotassic rocks in the Alto Paranaiba region, including the carbonatite-bearing 
complexes. This source has lower G Nd values (-2 to -8) and higher initial ^^ Sr/^ S^r 
ratios (0.7045 to 0.706) than the bulk-Earth, indicating that it constitutes an enriched 
SCLM. Nd model ages (Gibson et al., 1995b; Bizzi et al., 1995) and Os isotopic data 
(Carlson et al, 1996) suggest that the tectono-thermal event responsible for the 
enrichment occurred during the Late Proterozoic. Therefore, the source enrichment took 
place long before the arrival of both the Tristan (Early Cretaceous) and Trindade (Late 
Cretaceous) mantle plumes, lending further support to a lithospheric mantle source of 
the APIP magmas. 
The carbon and oxygen signature of calcites and dolomites from Tapira and 
Salitre are consistent with an ultimate origin from the mantle for the carbonatites and for 
the carbonated mafic dykes. In this respect, it should be noted that, whilst oxygen 
isotopes are widely susceptible to post-magmatic changes, carbon seems to be less 
affected by these processes. Note that the carbon stable isotope composition of the 
Salitre carbonatites and of those less fractionated samples from Tapira show 5^ C^ values 
of around -7. This is slightly lower than those observed for the Jacupiranga carbonatites 
(See Figure IV.36, Chapter IV), and consistent with the values expected for materials 
originated from the SCLM (Javoy et al., 1986). 
Mitchell (1996b) considered the Tapira complex to be similar to ultramafic 
complexes associated with the melilitite clan, such as Iron Hil l (Colorado), Gardiner 
(East Greenland) and the melilitolite-bearing complexes of the Kola-Kandalaksha and 
Maimecha-Kotui regions of Russia. According to Mitchell, ultramafic plutonic 
complexes of the melilitite clan consist doniinantly of rocks of the ijolite suite, 
commonly accompanied by carbonatites, but are distinguished from mehlitolite-bearing 
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complexes of the nephehnite clan by the paucity of nepheline-syenites. Despite the 
occurrence of rare melilitolite in Tapira, the present study revealed no ijolitic rocks (as 
well as no nepheline syenites). The same is true for the Catalao complex where 
members of the ijolitic suite were not found (Araujo, 1996). This suggests that the APIP 
carbonatite-bearing complexes do not share some important features of the complexes 
attributed by Mitchell (1996b) to the melilitite clan. 
As demonstrated in Chapter IV, the bulk-rock chemistry in the phlogopite-
picrites from Tapira and other carbonatite complexes most closely resemble the 
chemical features of the APIP kamafugites (e.g. Mata da Corda volcanics). In particular, 
the likeness in trace-elements and REE suggests that the phlogopite-picrites and the 
kamafugites share a common source, and underwent similar post-melting processes. 
This link between the kamafugitic rocks and the carbonatite complexes is further 
emphasised by the common presence of xenoliths of pyroxenite (bebedourites) and 
ultrapotassic syenites within the Mata da Corda pyroclastics, indicating the presence of 
magma chambers similar to the Tapira complex at depth, in the Mata da Corda region. 
This is consistent with the suggestion by Lloyd and Bailey (1991), that kamafugites may 
be the parental magmas for APIP bebedourites. 
The association of carbonatites with potassic rocks of kamafugitic affinity is 
well known from the Late Pleistocene Umbria-Latium ultra-alkaline district (ULUD), 
Central Italy (Stoppa and Cundari, 1995). However, it should be noted that the origin 
and tectonic environment of these rocks is distinct from those of the APIP complexes. 
For instance, Stoppa and Lavecchia (1992) and Lavecchia and Stoppa (1996) suggested 
an asthenospheric source (and no relation to a subducted slab) for the Italian 
kamafugite-carbonatite association. Also, some of the key features in mineral chemistry 
and whole-rock geochemistry of the Italian kamafugites and carbonatites are distinct 
from those of the APIP (Chapters HI and IV), and resemble the mafic-
potassic/carbonatite associations of Eastern Paraguay. 
A ongoing debate in the carbonatite literature is concerned with the 
relationships between the carbonatites and silicate rocks, in carbonatite 
complexes. The intimate spatial association suggests that the two rock suites are 
genetically related. However, this is not universally agreed, and Harmer and 
Gittins (1998) recently reviewed evidence for an independent origin for spatially-
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associated carbonatites and silicate rocks. The evidence obtained during this 
research favours a cogenetic relationship for all Tapira rocks. Some relevant point 
are summarised below. 
a) The consistent evolution trends observed in the composition of various 
mineral phases suggests that different units of silicate rocks are linked by a 
differentiation process. 
b) The narrow range and the similarities in Sr and, particularly in Nd isotopic 
ratios between Tapira carbonatites and silicate rocks suggests that both rock suites 
originated from a similar source, rather than representing independent magmas. 
Some rocks, however, show a wider variation in Sr isotopic ratios, which can be 
interpreted as the product of crust assimilation processes (see below). 
c) The presence of similar, mantle-derived carbon- and oxygen-isotope 
signatures in both the carbonatites and the carbonate-rich phlogopite-picrites and 
low-Cr dykes, suggest that the groundmass carbonate of the dykes is of primary 
origin, and not introduced during late-stage carbonatite metasomatism. Isotope 
. fractionation trends compatible with magmatic evolution can be found in Tapira 
rocks, although it should be stressed that the effects of late-stage 
hydrothermal/carbothermal alteration and/or degassing may be substantial in many 
samples. 
d) The apparent continuity of whole-rock geochemical trends from the 
phlogopite-picrites to the low-Cr dykes, is consistent with the fractionation of 
expected mineral phases or existing combinations (i.e. cumulates). 
V.4 - T H E EMPLACEMENT OF TAPIRA MAGMAS 
Subsequent to melting in the mantle source, the Tapira magmas seem to have 
undergone significant evolution at higher levels in the crust. The relevant evidence for 
this is discussed in the sections below. 
V.4.1 - SINGLE EMPLACEMENT VERSUS MULTIPLE INTRUSIONS 
The extensive doming of the quartzitic country rock, and the commonly 
observed evidence for intrusion-related strain and flow, in the coarse-grained rocks of 
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Tapira suggests a forcible intrusion of the complex, perhaps in part as a crystal mush. 
The same characteristics seem to be a common feature of the APIP carbonatite 
complexes. In SaUtre, Lloyd and Bailey (1991) described phlogopite crystals deformed 
by intrusion-related stress and alignment of clinopyroxene crystals produced by the flow 
of a crystal-mush during the intrusion. 
Although many of the rock-types in the Tapira complex can be considered in one 
form or other as the product of crystal accumulation, the overall structure and the 
stratigraphic relationships visible from drill cores argue against a simple, relatively calm 
fractionation in a single magma chamber. Multiple intrusions are a common feature of 
carbonatite-bearing plutonic complexes (e.g. Le Bas, 1987; Barker, 1989). In the 
Jacupiranga complex, Caspar and Wyllie (1987) described five independent phases of 
carbonatite intrusion, interpreted as the products of a series of batches of carbonatite 
magma from a magma chamber differentiating at depth. 
The following evidence suggests a multiphase evolution of the Tapira complex, 
involving multiple intrusions of both silicate rocks and carbonatites, probably derived 
from one or more differentiating magma chambers at depth 
a) Dykes of wehriites from the B2 unit are intrusive in B l bebedourites. 
b) Absence of a coherent spatial relationship between petrographic types that 
are, presumably, consecutive stages of differentiation (e.g. feldspar-bearing 
bebedourites of the B2 unit and pyroxene-rich syenites) 
c) Incomplete differentiation sequences (unless their observation is hindered 
by the poor exposure), withmissing dunites and mela-syenites. 
d) Compositional "gap" in the chemistry of key minerals (such as pyroxene) 
and apparently "misplaced" position of perovskites from wehriites in the overall 
trend of perovskites from Tapira 
e) Intrusive character of the carbonatites in the SPS, brecciating and 
metasomatising the ultramafic rocks (e.g. reaction rock) and the syenites (e.g. 
magmatic stoping breccias, with development of metasomatic rims in fragments 
of syenite) 
f) Crosscuting relationships between petrographic ally and chemically distinct 
generations of carbonatite. 
g) Possible existence of carbonatites produced by different processes (i.e. 
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liquid immiscibility and fractionation, see below) 
h) Presence of primitive ultramafic dykes intruded in more evolved rock-
types, including the carbonatites. 
V.4.2 - L E V E L OF EMPLACEMENT 
Although the mineralogical composition of Tapira rocks is extremely varied and 
contains many phases of petrological interest, it offers extremely poor constraints to the 
calculation of temperatures and pressures of crystallisation. The peculiar mineral 
assemblages and the influence of the fractionation of particular phases, such as 
perovskite, affect the distribution of key elements to a poorly understood or 
experimentally constrained extent. Therefore, common geothermometers and 
geobarometers (e.g. Douce, 1993; Ghiorso and Sack, 1991; Lindsley, 1983; Nimis, 
1995; Righter and Carmichael , 1996), which are used to constrain the intensive 
variables of silicate magmatic systems, cannot be reliably applied to carbonatite or 
carbonatite-silicate magmas. 
One possible alternative approach is the use of the oxygen isotope thermometry, 
of coexisting minerals. During this research the only mineral phases analysed for stable 
isotopes were calcites and dolomites. However, these have been proved to be in isotopic 
disequilibrium (Chapter IV), and are, therefore, unsuitable for oxygen-isotope 
thermometric calculations. A potentially more reliable mineral pair for oxygen 
thermometry would be, for example, pyroxene-magnetite, and this seems a good 
prospect for future investigation. Sgarbi et al. (1998) have carried out oxygen-isotope 
geothermometry on kamafugitic volcanic rocks and pyroxenite xenoliths of the Mata da 
Corda Group, and estimated a crystallisation temperature of 1140 °C for the mafitites, 
920-820 °C for leucitites and kalsilitites and 750-690 °C for the coarse-grained pyroxene 
xenoliths. The lower temperatures of the latter are consistent with some isotopic 
resetting during slow cooling. The petrographic similarities with bebedourites from 
Tapira suggests that the Mata da Corda xenoliths can be considered representative of 
underlying Tapira-like magma chambers. If this is true, the temperatures in the range 
750-690 °C may be considered as a reference (minimum) value for the final 
equilibration of Tapira bebedourites and, perhaps, the 1140 °C temperature would 
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approximate those of the hquids parental to the Tapira complex. It must be noted, of 
course, that this is a largely unconstrained assumption. For the Tapira carbonatites, the 
coexisting calcite-strontianite equihbrium (Chapter EI) provides a minimum 
temperature of 450 °C, which also reflects the widespread post-crystallisation processes, 
rather than true magmatic temperatures. However, and perhaps more importantly, the 
calcite-strontianite equilibrium suggests the emplacement of the Tapira carbonatites at 
low pressures (2 to 3 kb). i.e., sub-volcanic conditions. Various alternative and 
independent lines of evidence support a high-level site for the final emplacement of the 
Tapira and Salitre complexes, as summarised in the following sections. 
Field and petrographic evidence 
In Tapira and, to a much greater extent, in Catalao and Araxa, the abundance of 
hydro/carbothermal alteration products, such as extensive phlogopitisation of the 
ultramafic rocks suggests a sub-volcanic level of intrusion, at least for the late-stage 
carbonatites. Further evidence comes from the diatreme-facies breccias in the phosphate 
mining area of Tapira. These rocks testify to the existence of explosive magma-country 
rock interactions during the intrusion of the complex, probably nurtured by the ability of 
the magmas to exsolve volatile components at low pressures. 
However, the (presumably) related volcanic rocks, such as lavas and pyroclastics 
are notably lacking in the immediate vicinity of the APEP carbonatite complexes. In the 
eastern portion of the APIP (e.g. Mata da Corda region), substantial volcanic and 
pyroclastic deposits are preserved, and make up one of the world-largest exposure of 
kamafugitic sequences, but in the western portion of the APIP only the sub volcanic 
roots of such magmatism are preserved. In fact, the extreme susceptibility of the rocks 
from carbonatite complexes to the prevaiHng tropical weathering regime, suggests that 
these rocks are only available for sampling because they have been largely preserved 
within dome structures made up of the less weathering-prone rocks of the Brasilia belt 
(schists and quartzites). 
Chemical evidence 
While the Tapira syenites may be interpreted as cumulate rocks, the chemical 
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composition of fine-grained syenites from Salitre suggests that they evolved at low 
pressure (1 to 2 kb, see Figure V.2). This is consistent with the calcite-strontianite 
equilibrium in Tapira carbonatites at 2 to 3 kb (see above, and Chapter HI) 
Evidence from fission track analyses 
Using fission-track analysis i n . apatites from the complexes of Tapira and 
Catalao, and a geothermal gradient of 27 °C/km for Tapira (as opposed to 15 °C/km for 
samples from the Sao Francisco craton), Amaral et al. (1997) concluded that the region 
was subjected to a relatively slow cooUng from 95 to 85 °C in the period between 90 
and 60 Ma, followed by a much faster cooling from 85 °C to 27 °C from 60 Ma to the 
present. This translates into estimated erosion rates of 12 m/Ma between 90 and 60 Ma 
ago, and 36 m/Ma in the last 60 Ma. Although it should be noted that such estimates are 
dependent upon apatite reaching a temperature low enough for the fission-track damage 
to be preserved, a simple back-calculation based on the erosion rates estimated by 
Amaral et al. (1997) suggests an emplacement depth of about 2.5 km for the Tapira 
complex. 
Evidence from stable isotopes 
Santos and Clayton (1995) presented carbon and oxygen isotope data for 
carbonatite complexes of APIP (Araxa, Catalao, Tapira), and other Brazilian 
(Jacupiranga, Mato Preto) carbonatites. On the basis of the restricted ranges observed in 
carbon isotopes, coupled with the wide variation in oxygen, Santos and Clayton (1995) 
suggested that the APIP complexes represent high-level intrusions (compared with 
Jacupiranga), where the effect of low-temperature hydrothermal alteration controls the 
distribution of oxygen isotopes. They have demonstrated that the H 2 O / C O 2 ratio of the 
fluid interacting with the carbonatite, as well as the fluid/rock ratio, greatly affect the 
isotopic composition of carbonates. 
In Tapira, the oxygen-isotope composition of calcites seems to have been more 
extensively affected than that of dolomites (Chapter IV). Figure V.3 shows a plot of the 
calcites analysed during this research, compared with three of the isotope exchange 
models calculated by Santos and Clayton (1995), for low-temperature 
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hydro/carbothermal alteration. The models show the behaviour of calcite composition 
upon interaction with fluids of different C O 2 / H 2 O ratios, at variable temperature and 
fluid/rock ratios. The origin for all models (i.e., the starting composition of calcite) is 
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Figure V.3 - Isotopic composition of calcites from Tapira carbonatites (open squares) and mafic dykes 
(solid squares), compared with isotope-exchange models of Santos and Clayton (1995). The theoretical 
models are labelled 1 to 3, and represent different CO2/H2O ratios and distinct isotopic compositions 
of the fluid. The composition of dolomite formed by fenitisation of ultramafic rocks by carbonatite 
("reaction rock") is plotted for comparison (star). 
As observed by Santos and Clayton (1995) for the APIP complexes in general, 
most of the isotopic variation can be explained by models labelled "2" and "3" in Figure 
V.3, suggesting that the carbonatites interacted with H20-r ich ( C O 2 / H 2 O ratios of 
1/1000 and 1/10, respectively), low-temperature fluids. For the Tapira complex, model 
"3" seems to account for most of the variation in the analysed calcites. Note that the 
composition assumed for the fluid in this case (6^^0=6%c, 6^^C= 6%o) is that of a typical 
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magmatic carbonate, and the same as the starting calcite. The analysis of dolomite from 
the reaction rock is also plotted in the diagram. If the model can be applied to this 
dolomite, its composition seems to have been generated at a very low C O 2 / H 2 O ratio 
and very low temperature. However, none of the isotope exchange models in Figure V.3 
can explain the trend of negative correlation of 6^ ^C with 6^^0, observed in some of the 
Tapira mafic dykes. 
Javoy et al. (1978) measured the carbon isotope fractionation between C O 2 and 
carbon dissolved in basalt, concluding that ^^ C is relatively enriched in the C O 2 vapour 
by a factor of 4-4.5 %o (1120-1280 °C; 7 to 8 kb). Experimental studies on the 
fractionation of carbon isotopes during carbonate-silicate liquid immiscibility (Mattey et 
al., 1990) observed fractionation between C O 2 and both the carbonate and the silicate 
1 n 
liquid. Their results indicate that C becomes relatively enriched in the vapour, by a 
factor of ~ 2 %o with respect to the carbonate melt (1300 °C - 1400 °C; 20 to 30 kb) and 
2.4 %o with respect to the sihcate melt (1200 °C - 1400 °C; 5 to 30 kb), but that litlle 
variation occurs between the two melts. Based on these results and on differences in the 
experimental techniques, Mattey et al. (1990) argue that the carbon-isotope 
fractionation factors obtained by Javoy et al. (1978) may be too high. In any case, the 
experimental evidence suggests that the degassing of a C O 2 vapour phase from either 
liquid will promote a relative 5^ ^C depletion in the liquid. 
The co-variation of 6^ ^C and 5^to has been modelled by Zheng (1990), for 
different temperatures and carbon concentrations in the degassing fluid. For X C O 2 up to 
0.3, calcite precipitating from a H2C03-dominated fluid shows a positive correlation 
between 5^ ^C and 5^^0, but at X C O 2 = 0.4, the evolution curve of.calcite composition 
has a negative slope (Figure V.4), similar to the trend of calcites from some mafic 
dykes. This suggests that some of the isotopic variation observed in Tapira calcites may 
be due to degassing of a C02-rich fluid. Note that extreme 5^ ^C depletion is attained at 
very low temperature, but i f the temperatures during the degassing are relatively high, it 
may become impossible to distinguish the effects of this process from those of low-
temperature hydrothermal alteration (compare the model of Santos and Clayton, 1995 -
shaded area in Figure V.4). 
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Figure V.4 - Isotopic composition of calcites from Tapira carbonatites and mafic dykes (symbols as in 
Figure V.3), compared to the degassing model of Zheng (1990) for XCO2 = 0.4 and H2CO3 as the 
dominant carbon species in the fluid (solid line, with circles for calcite composition at different 
temperatures). Shaded area is model 3, from Figure V.3. 
The dolomites from Tapira form a consistent trend and show little scatter, 
plotting along a line of positive correlation between 8^ ^C and 5^^0, which may be 
related to isotope fractionation during magmatic evolution. The analytical results are 
plotted in Figure V.5, together with the Rayleigh fractionation model paths of Pineau et 
al. (1973). These curves show the variation in S'^ O and 6^ "^ C of a carbonate crystallising 
from a magma at 700 °C, for variable CO2 /H2O ratios. 
The dolomites from fined-grained (C2) carbonatite dykes show remarkable 
agreement with the fractionation path for a CO2/H2O ratio of 1/1 in the fluid or magma. 
The dolomite that plots furthest away from this trend, at comparatively low 6'^0 and 
high 6^ ^C is from a coarse-grained carbonatite. This rock may have suffered low-
temperature isotope exchange with a C02-rich (fenitising?) fluid such as that of model 1 
in Figure V.3. Dolomites from other coarse-grained carbonatites form a relatively tight 
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cluster at low 6'^0 and 6^^C. They seem to define a trend with a higher slope than the 
dolomites from the dykes, suggesting a higher relative concentration of C O 2 in the 
liquid. However, this is difficult to evaluate because of the limited range of both carbon 
and oxygen isotopic compositions of these rocks. Similarly, the small number of 
dolomite analyses from mafic dykes precludes any interpretations, other than that 6'^ C 
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Figure W.5 - Composition of Tapira dolomites, compared with the fractionation models of Pineau et al. 
(1973) for a closed system, at 700 "C and different CO2 / H2O ratios. Solid circles = carbonatite 
dolomites; open circles = dolomites from mafic dykes. 
Similar relationships were observed by Reid and Cooper (1992) in the Dicker 
Willem carbonatite complex, in southern Namibia. These authors identified a 
"phenocryst array", where calcite and dolomite phenocrysts show a positive correlation 
between 5^ ^C and 6^^0, plotting along a line with a 0.65 slope, whilst the recrystallised 
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groundmass carbonates scatter towards higher 5^^0 values. More importantly, they 
observed a coupled 5^ ^O enrichment and 5^ ^C depletion in late-stage dykes, which they 
interpret as the product of progressive degassing of a C O 2 - H 2 O fluid. 
The data presented in this thesis extend the published oxygen isotope 
compositions of Tapira carbonates into the range of primitive S^ ^O, and demonstrate 
that magmatic (as well as hydrothermal) processes may be responsible for the observed 
variations. They also show (discussion above, and Chapter IV) that some of the 
variations associated with late-stage carbo/hydrothermal alteration depend on a range of 
factors, such as: the size of individual intrusions; the mode of occurrence of the 
carbonatite (dyke, breccia, plutonic, etc.); the mineral species of carbonate analysed and, 
possibly, the relative age of the intrusion. 
These conclusions do not contradict those of Santos and Clayton (1995), 
regarding the emplacement of the APIP complexes at shallow depths, since the products 
of hydrothermal alteration, as well as the hydrothermal oxygen signatures, appear to be 
far more abundant in the APIP complexes than in Jacupiranga (e.g. Nelson et al., 1988; 
Morikiyo et al., 1990; Santos, 1994; Santos and Clayton, 1995; Toyoda et al, (1994). In 
fact, a sub-volcanic setting for the Tapira complex is further emphasised by the evidence 
for C O 2 degassing from the mafic dykes. 
V . 5 - E V O L U T I O N O F TAPIRA MAGMAS 
V.5.1 -CRUSTAL ASSIMILATION 
The geochemical and isotopic similarities observed within the complex, and 
between Tapira rocks and the remainder of APIP magmatism, would argue in favour of 
a limited (if any) effect of crustal assimilation in the composition of the studied rocks. 
However, some evidence for crustal assimilation was found during this research, and 
this is discussed in the sections below. In any case, it should be emphasised that the 
extreme enrichments in Sr, Nd and most incompatible trace elements, and the strong 
LREE/HREE fractionation observed in Tapira rocks mean that the amount of crustal 
contamination necessary to substantially modify their original geochemical and isotopic 
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signature would be very high. The highly sihca-undersaturated character of all rock 
types in the Tapira complex suggests that large-scale assimilation of crustal rocks is 
unlikely to have happened. 
Petrographic evidence 
Petrographic evidence of crustal contamination can be found in rare samples. 
The most obvious example is the presence of crustal xenoliths in the diatreme-facies 
carbonatite breccias associated with the C2 unit. Less conspicuous evidence comprises 
the occurrence of rounded, partially digested quartz grains in some of the C2 dykes (see 
Chapter E). 
Some of the observed mineral disequilibria, such as the sphene and/or melanite 
rims coating in perovskite crystals, could be attributed to assimilation of crustal 
material. This type of replacement is typically observed in B2 bebedourites, suggesting a 
relative increase in sihca activity in the system from which these rocks crystallised. 
Together with the geographic position of B2, adjacent to the country-rock in the 
northern margin of the complex, this could indicate assimilation of silica-rich country 
(quartzite). However, the Sr-isotope composition of B2 rocks, in particular, does not 
seem to register any significant Sr/ Sr enrichment (see below), and the increase in 
Si02 activity could as easily be assigned to normal magmatic processes. 
Isotopic evidence 
Most of the samples studied during this research plot within the range of Sr- and 
Nd-isotopic ratios of the APIP. With rare exceptions, there is good agreement between 
the carbonatites and the silicate rocks, suggesting that the two rock suites originated 
from a similar source. In particular, the isotopic composition of the B2 bebedourites is 
virtually identical to that of the carbonatites. The high absolute REE contents of the 
Tapira rocks, even in the most primitive ultramafic types, suggest that the Nd-isotopic 
signature is related to their mantle source, and that the system is unlikely to be greatly 
disturbed by crustal assimilation processes. In contrast, the analysed samples may show 
substantial variations in Sr contents and rocks with the lowest Sr contents may be useful 
in pinpointing relatively small amounts of crustal contamination. The following 
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discussion will , therefore, concentrate on the evidence from Sr isotope systematics. 
Figure V.6 shows the initial Sr/ Sr ratios of various Tapira rocks, plotted 
against their Sr content. A general increase in can be observed with decreasing 
Sr content, suggesting that, i f assimilation of crustal material occurred, the system has 
been buffered for Sr isotopes in the more Sr-rich samples. Some detailed variations in 
this general pattern provide important petrogenetic clues and will be discussed 
individually in the following paragraphs. 
Country rock 
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Figure V.6 - Initial Sr isotpe ratio plotted against the Sr content of Tapira rocks. Solid square = 
phlogopite-picrites, open circles = low-Cr dykes, solid circles = ultramafic plutonic rocks, triangles = 
carbonatites, crosses = syenites. The composition of Tapira country rock (quartzite) is also indicated. 
Although samples from the B2 unit have relatively low Sr contents, they do not 
show enrichment in radiogenic Sr, If anything, the samples from the B l unit (which do 
not show evidence for late-stage Si02-enrichment to the same extent as B2) have the 
most radiogenic Sr-isotopic ratios among the ultramafic plutonic rocks. Therefore, the 
observed increase in Si02 in the late stage mineral assemblages of B2 must be related to 
magma chamber processes (i.e. residual enrichment during fractionation or. 
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alternatively, the separation of carbonate-rich material by liquid immiscibihty or 
fractionation processes). The fact that B2 and the carbonatites have nearly identical Sr-
and Nd-isotopic ratios may suggest a strong link between these two units. 
Coarse-grained carbonatites from units C I , C2 and C3 show variable Sr 
contents, but virtually no variation in initial ^^ Sr/^ ^Sr ratios (Figure V.6). This is 
expected, since the high absolute abundance of mantle-derived Sr in the carbonatites 
means that any effect of crustal contamination on Sr isotopes would be extremely 
diluted and, most probably, undetectable. The isotopic composition of these carbonatites 
may therefore, be taken as representing the isotopic characteristics of their parental melt 
source, regardless of whether crustal contamination took place or not. Interestingly, the 
analysed fine-grained carbonatite dyke from C2 has a slightly higher Sr isotope ratio, 
when compared with the larger, coarse-grained intrusions. 
The syenites show higher Sr/ Sr than both the ultramafic plutonic rocks (B1 
and B2) and carbonatites (CI, C2, C3). In their Sr- and Nd-isotopic study of several 
African carbonatites, Harmer and Gittins (1998) recognised a systematic variation in 
these rocks, whereby the isotopic signature of the carbonatites seems to be closer to the 
most primitive magmas (e.g. melihtites and ohvine-nephelinites), while the evolved 
liquids (nephehnites and phonohtes) have a more enriched signature. They argue that 
the isotopic differences observed are inconsistent with an origin of the carbonatites by 
liquid immiscibility at a late, crustal stage in their evolution, since the two immiscible 
liquids must necessarily be in isotopic equihbrium at the moment of separation. 
At first sight, the Sr-isotope contrast between Tapira syenites and carbonatites 
would seem to support Harmer and Gittins (1998) hypothesis, thus ruling out an origin 
by liquid immiscibility between syenites and carbonatites. However, a corresponding 
Nd-isotope shift would be expected, i f Tapira syenites derived from a more enriched 
mantle source than that of the carbonatites. This was not found in the analysed samples; 
in fact the initial '^^ ^Nd/^ '^ '^ Nd ratios of syenites and carbonatites from Tapira are 
virtually identical. 
The alternative explanation, involving assimilation of crustal material and a 
more effective buffering of the Sr system in the carbonatites seems to explain better the 
Sr isotope relationships observed in Tapira. Furthermore, the syenites show strong trace-
element evidence for the involvement of hquid immiscibility processes in some form. 
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during their genesis (see below). Whether these rocks are the direct product of 
immiscibility or were formed by further differentiation of an immiscible liquid is 
debatable, and will be further explored later in this Chapter. For the moment it is 
sufficient to note that, as conceded by Harmer and Gittins (1998), their observations do 
not necessarily rule out immiscibility of carbonatite from a more primitive (i.e. 
ultramafic) silicate parent, and that i f crustal assimilation comes into play after the 
immiscibility process, then the Sr and Nd composition may be buffered to a different 
extent in the silicate and carbonatite conjugate Uquids. 
The fine-grained dyke-rocks from Tapira show a complex behaviour, with 
respect to Sr. Two samples of phlogopite-picrite dykes (unpublished data from the work 
by Gibson et al., 1995b) have ^^ Sr/^ ^Sr initial ratios identical to those of the carbonatites 
and B2 bebedourites. One sample of low-Cr dyke and a C2 fine-grained carbonatite 
dyke have slightly higher Sr/ Sr. and one phlogopite-picrite sample has the highest 
observed °'Sr/°"Sr among the Tapira rocks. This sample is outside the overall range of 
primitive magmas in the province (compare Figures IV.37 and IV.38, in Chapter IV). As 
with the syenites, the enrichment in radiogenic Sr is not accompanied by a 
corresponding change in Nd isotopes. These detailed variations apparently contradict 
the observations and discussion made in the paragraphs above, since both the primitive 
and the high-Sr rocks would be expected to have low Sr/ Sr. The one factor that is 
shared by all Sr/ Sr -enriched samples (apart from syenites) is that they come from 
thin, fine-grained dykes. 
Kerr et al. (1995) proposed a mechanism of crustal Assimilation during 
Turbulent magma Ascent (ATA), in contrast with the common concept of Assimilation-
Fractional Crystallisation (AFC), in their study of the Mull Tertiary lavas (NW 
Scotland). According to this model, MgO-rich, low-viscosity magmas ascending 
through the crust will move under a regime of turbulent flow, and can become rapidly 
contaminated with readily-fusible material from the wall rock. More viscous magmas 
will tend to flow under a laminar regime and, consequently, may not become 
contaminated, with crustal components. The concept was successfully applied by 
Thompson et al. (1998) for the Serra do Mar alkaline province (southeast Brazil) to 
explain how some of the more magnesian magmas in the province became contaminated 
with crustal components while the more evolved compositions do not show the same 
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features. 
ATA provides an attractive model to explain the relationships observed in 
Figure y.6. The low viscosity of the carbonatite and mafic dykes with high- ^^ Sr/^ S^r 
ratios is attested by their emplacement as thin dykes (only a few centimetres thick in all 
cases), high MgO content (in the case of phlogopite-picrite and low-Cr dyke) and 
carbonate-rich character. Assimilation through this process would certainly be aided by 
the high surface-to-vdlume ratio of the dykes, and the magnitude of the contamination-
related isotopic shift would be further enhanced in those samples with lower Sr content. 
V.5.2 -CRYSTAL FRACTIONATION AND THE GENESIS OF THE SILICATE PLUTONIC 
SERIES (SPS) 
The ultramafic cumulate sequence 
The variations observed in modal mineralogy and in the chemical composition 
of essential minerals suggest that the sequence 
B1 wehrlites ^ B1 bebedourites B2 wehrlites B2 bebedourites 
represents a general progression of successively more evolved cumulates. On the other 
hand, detailed variations in mineral chemistry often seem to follow unexpected trends, 
suggesting that the origin of the SPS by fractional crystallisation is occasionally 
"disturbed" by some other process. As discussed previously, the most likely scenario is 
that the Tapira complex represents the amalgamation of multiple intrusions, which 
could be derived from a larger, differentiating magma chamber at depth. 
The cumulate sequence in the Tapira complex is largely dominated by 
bebedourite-type rocks. Wehrlites comprise only a minor part of the sequence, and 
dunites are even more rare. According to the evidence presented in this thesis, the 
bebedourites are likely to be the result of crystal fractionation from low-Cr dykes, while 
the differentiation of phlogopite-picrites should produce oUvine- and chromite-rich 
cumulates. This has important implications for the petrogenesis of the Tapira complex. 
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For instance, the notable scarcitiy of olivine-rich cumulates may suggest that the 
phlogopite-picrite magma differentiatied mainly in an intermediate magma chamber at 
greater depth. 
It could be argued that the olivine-rich rocks exist in the same magma chamber 
as the bebedourites, but simply have not been "exposed" at the level of sampling 
reached by the drillings. This could be the Hkely situation in a vertically-zoned body, 
but there is no firm evidence that the Tapira complex has such a structure. For instance, 
some (but not all) wehrlite samples come from greater depths in the complex, but no 
correlation between depth and modal variations in bebedourites have been observed 
during this study. Instead, as argued previously, the complex is composed of several 
independent intrusions. These observations suggest that the missing ohvine-rich 
cumulates were largely formed in a deeper magma chamber. 
The fractionation of the essential minerals in the SPS ultramafic rocks is likely 
to introduce complications in the interpretation of the chemical properties of the 
evolving magmas, producing effects that contrast with the commonly accepted notion of 
compatibihty and incompatibility of trace elements (i.e. relative to the crystallisation of 
basaltic systems). In particular, perovskite and apatite may produce substantial changes 
in the REE concentrations of the residual hquid. Perovskite usually displays stronger 
enrichment in total and light REE and stronger LREE/HREE fractionation than apatite 
(e.g. Dawson et at., 1994b; Campbell et al.,A991). Jones and Wyllie (1984) concluded 
that a substantial part (up to 16%) of the total REE of kimberlites may be contained in 
perovskite. Campbell et al. (1997) modelled perovskite crystalhsation from magmas of 
the Gardiner complex (East Greenland), concluding that fractionation of even a small 
amount (2.5%) of perovskite with moderate REE contents (approximately 3% REE2O3) 
would produce a decrease in chondrite-normalised La/Lu ratios of the magma from 235 
to 165, and produce 40% relative depletion in the La concentration of the liquid. Gibson 
et al. (1995b) also related the variation in the La/Yb ratio of some of the evolved APIP 
lavas to the fractionation of perovskite, and suggested that apatite, fractionation may 
account for the observed P troughs in some of the APIP magmas. Therefore, some of the 
variation observed in the REE patterns between phlogopite-picrites and low-Cr dykes in 
Tapira may be related to removal of apatite and/or perovskite (see Chapter IV). 
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The Tapira syenites 
One striking feature of the SPS is its compositional bimodality. Among the 
plutonic silicate rocks in Tapira there are abundant ultramafic rocks (mostly 
bebedourites) and a less voluminous, but still important, group of felsic to holofelsic 
rocks (syenites). Rocks with compositions intermediate between these two extremes are 
absent, except for a few examples of feldspar-bearing bebedourites in B2 and rare 
pyroxene-rich syenites. 
As with the missing dunites, the intermediate rock-types may be present in 
' deeper-seated magma chambers. This is suggested by the occurrence of mela-syenite 
xenoUths, together with bebedourite and perovskite-peridotite nodules, within the 
pyroclastic deposits of the Mata da Corda (Bizzi et al., 1995) and in conglomerates 
derived from the latter (Gibson et al., 1995b). The fact that Tapira coarse grained 
syenites are likely to be cumulates of alkali-feldspar crystals may also explain the 
apparent absence of more melanocratic varieties. Alternatively, the hypothesis that some 
of the syenites have been produced by liquid immiscibihty cannot be discarded at this 
stage. It is interesting to note that fine-grained dykes of intermediate composition are 
also rare, 
V.5.3 -CARBONATITES GENERATED BY LIQUID IMMISCIBILITY 
Field and petrographic evidence for carbonatite-silicate immiscibility has been 
presented by several authors (e,g, Dawson and Hawthorne, 1973); Dawson et al., 1994a; 
Bogoch and Magaritz, 1983; Church and Jones, 1995). In Tapira, the presence of 
carbonate globules (ocelli) in the groundmass of phlogopite-picrites (Chapter 11) 
suggests that immiscible carbonatite liquid may have formed at a very early stage in the 
differentiation sequence of a carbonated silicate magma. The following sections will 
discuss the constraints imposed by the evidence presented in this thesis on the possible 
role of Uquid immiscibility during the evolution of the Tapira complex, and investigate 
the petrogenetic consequences of this process, in the Ught of experimental evidence 
from the literature. 
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Chemical fingerprints of liquid immiscibility 
When carbonate-silicate liquid immiscibility occurs, many chemical elements 
may preferentially enter one of the conjugate liquids. Therefore, geochemical 
"fingerprints" may be generated in each side of the immiscible pair and these, in turn, 
may be useful to pinpoint the occurrence of liquid immiscibility during the evolution of 
a given rock suite. The relative preference of a particular element for the carbonate or 
silicate liquid can be quantified by the distribution coefficient (KD^'^'^"^) defined as the 
concentration of the element in the silicate liquid divided by the concentration of the 
element in the conjugate carbonatite Uquid, Data on the partition of various elements 
between silicate-carbonatite immiscible pairs have been reported (e.g. Wendlandt and 
Harrison, 1979; Hamilton et al, 1989; Jones et al., 1995; Veksler et al., 1998b), but the 
number of studies is still small, and some variables are still poorly. For instance, the 
results for a single element may vary significantly and the partition of some elements 
between silicate and carbonate liquid may be strongly dependent on temperature, 
pressure or composition of the system (i,e, mafic or felsic). In a recent study using a 
centrifuge autoclave, Veksler et al. (1998b) achieved excellent separation of the 
immiscible silicate and carbonate liquids, and thus were able to overcome some of the 
technical problems for experimental determination of partition coefficients between 
immiscible liquids. 
The following general observations can be made from the studies mentioned 
above, and are of particular relevance for the investigation of the Tapira complex: 
a) Th partitions preferentially into the sihcate liquid (Jones et al., 1995). 
b) Sr and Ba partition preferentially into the carbonate liquid (Hamilton et al., 
1989; Jones et al., 1995; Veksler et al., 1998b) 
b) Both Nb and Ta seem to partition into the silicate liquid (Hamilton et al., 
1989; Jones et al., 1995; Veksler et al., 1998b), but data for both elements under the 
same experimental conditions are scarce. Veksler et al. (1998b) has recently pointed out 
that Ta partitions into the silicate hquid to a much larger degree than Nb. Consequendy, 
some degree of Nb-Ta decoupling can be expected if liquid immiscibility occurs in the 
genesis of carbonatite complexes. Hamilton et al. (1989) detected a consistent 
dependence of Ta behaviour on pressure, temperature and composition. According to 
their results the partition of Ta into the silicate liquid is enhanced by decreasing 
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temperature, decreasing pressure and increasing polymerisation of the silicate liquid. 
Unfortunately, the study by Hamilton et al. (1989) did not include Nb. However, based 
on the Ta variation, there is a (largely unconstrained) possibility that the magnitude of 
Nb-Ta decoupling during immiscibility may depend on the same variables. 
c) Zr and Hf partition very strongly into the silicate liquid. The study by Veksler 
et al. (1998b) has shown an average enrichment factor of 62 for Zr and 107 for Hf, in 
the silicate liquid, relative to the carbonatite. These results are consistent with those of 
Hamilton et al. (1989) for Hf, but not for Zr, but Hamilton et al. (1989) detected a large 
scatter in their Zr and Hf data. Veksler et al. (1998b) also suggest that some decoupling 
of the geochemical pair Zr-Hf may be expected during immiscibihty, although this 
should be of a lesser magnitude than that of the pair Nb-Ta. 
d) The rare-earth elements may show variable behaviour. Although the 
magnitude of REE partition coefficients between silicate and carbonatite immiscible 
liquids varies from one experimental work to the other, the results of Hamilton et al. 
(1989) and Veksler et al. (1998b) show that there is a consistent internal behaviour, 
within the REE group. Thus, the KD^^'^'^^'^'' increases progressively from La to Lu, for a 
range of experimental conditions, but whether (or which) REE will effectively partition 
into the silicate or carbonate liquid seems to be strongly dependent on pressure, 
temperature and composition of the starting materials. In any case, it should be noted 
that the progressive differences in the partition coefficients are likely to produce 
LREE/HREE fractionation in the immiscible pair, with La/Lu ratios increasing in the 
carbonatite liquid and decreasing in the corresponding silicate conjugate. The low-
pressure studies of Veksler et al. (1998b) suggest that, except for La, the remainder of 
the REE show preference for the silicate liquid. 
The results of Hamilton et al. (1989), for a range of pressures, temperatures and 
different starting compositions, suggest that the partition of the REE into the silicate 
liquid is favoured by increasing temperature (at constant P = 3kb) and decreasing 
pressure (at constant T =1150 °C). The effect of pressure is particularly interesting, 
since it suggests that all REE partition into the silicate liquid at < 2 kb, and all REE 
partition into the carbonate liquid at 6 kb. At 3 kb Hamilton et al. (1989) obtained 
j.^sii/carb ^ J f ^ j . LREE and K D ' ' ' ^ ' ' ' ' ' > 1 for the HREE, with Gd closest to the unity 
(0.93). This would suggest, as stated by Hamilton et al. (1989), that only carbonatite 
2 9 5 
J . A . B R O D 
generated by liquid immiscibility at relatively high pressures will become strongly 
enriched in REE, relatively to the silicate liquid. The K D ' ' ^ " ' ' ' ' ' for the LREE seems to be 
higher in more evolved (phonohtic) than in less evolved (nephelinitic) liquids, but the 
j^^sivcarb fQj. HREE does not vary a great deal with composition. This suggests that 
the LREE/HREE fractionation between the conjugate liquids (see above) would be 
enhanced in felsic systems. 
According to the considerations above, a number of geochemical signatures may 
be expected to occur in silicate and carbonate immiscible liquids. These include 
anomalously high Nb/Ta and La/Lu ratios, and low relative abundances of Th, Zr, and 
Hf, in the carbonatite liquid. Several of these geochemical signatures can be detected in 
chondrite-normalised multi-element plots. More importantly, the silicate conjugate 
should have corresponding, and opposite, anomalies, making this a powerful method to 
test both immiscibility and consanguinity between carbonatites and associated silicate 
rocks. 
Al l these immiscibility-related anomalies mentioned above are present in Tapira 
rocks, in some form Or another. They occur in low-Cr dykes, B2 wehrlites and 
bebedourites, syenites and carbonatites, but are apparently absent in the most primitive 
phlogopite-picrites. Several examples of this have been presented in this thesis, and the 
reader is referred to Chapter IV for the detailed variations. The significance will be 
discussed later in this Chapter but, for now, it is enough to emphasise that the 
geochemical evidence for the involvement of liquid immiscibility in the genesis of 
Tapira rocks is compelling. Furthermore, a more restricted data set from Salitre suggests 
that this is the case for that complex also. 
Evidence from experimental petrology 
Carbonate-silicate liquid immiscibility is now a magmatic phenomenon well-
established ^experimentally. Recent reviews and updates of the current experimental 
knowledge applied to both mantle and crustal conditions can be found in Lee and 
Wyllie (1996, 1997a,b 1998b), Brooker .(1998), Moore and Wood (1998), Dalton and 
Presnall (1998a,b), Kjarsgaard (1998), Petibon et al. (1998). The framework 
provided by these experimental studies lends further support to the hypothesis of 
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generation of Tapira rocks by liquid immiscibility, and places some additional 
















Figure V.7 - Representation of Tapira phlogopite-picrite compositions in the Hamilton 
projection (after Lee and Wyllie, 1997b). The composition of relevant mineral phases is also 
plotted: 01 = Olivine; Mel = melilite, Pv = perovskite, Cpx = clinopyroxene, Chr = chromite, 
Cc = calcite, Ap = apatite, Phi = phlogopite. 
Figure V.7 shows the composition of Tapira phlogopite-picrites in the Hamilton 
projection, together with the sihcate-carbonate miscibility gap, the silicate-carbonate 
liquidus boundary (after Lee and Wyllie, 1997b), and with a number of possible mineral 
phases. For the minerals analysed during this research the average composition is 
plotted. Additional mineral phases are ideal compositions. Note that the shape and size 
of the miscibility gap and of the silicate-carbonate liquidus boundary can vary 
significantly, depending on pressure, temperature, composition and CO2 saturation (e.g. 
Lee and Wyllie, 1998b; Brooker, 1998; Kjarsgaard, 1998). However, their precise 
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location in this and similar diagrams in the remainder of this Chapter is not critical for 
the purpose of illustrating the behaviour of Tapira rocks and exploring possible 
alternatives of liquid evolution 
The predominance of olivine phenocrysts, and the progressive variations in MgO 
and Cr of the phlogopite-picrites suggest that oHvine and chromite are the main mineral 
phases produced by fractionation from these rocks. The diagram illustrates that the 
removal of a mixture of olivine and chromite at first, possibly with some perovskite and-
pyroxene at a later stage, will drive the residual liquid towards the two-liquid miscibility 
gap and, consequently, towards the production of conjugate silicate and carbonate 
liquids. This is significant in the Tapira complex, because it indicates that liquid 
. immiscibility may have occurred at a relatively early stage in the magmatic evolution, 
and is in good agreement with the presence of carbonate ocelli in some of the 
phlogopite-picrite dykes. 
The composition of Tapira low-Cr dykes is illustrated separately, in the diagram 
of Figure V.8. Note that these rocks do not contain olivine phenocrysts and are depleted 
in chromium. Instead, the petrographic and geochemical evidence indicate that they will 
fractionate clinopyroxene, phlogopite and perovskite, with variable amounts of apatite. 
K- feldspar is present in small amounts in the groundmass and is also found as rare 
inclusions in apatite microphenocrysts from some low-Cr dykes. Together with the 
presence of interstitial K-feldspar in the most evolved bebedourites of the B2 unit, this 
suggests that, during the latest stages of differentiation, felsic potassic phases will 
crystallise from these rocks, in addition to clinopyroxene and phlogopite. In Tapira the 
felsic silicate minerals seem to be mainly feldspar, but kalsilite has been reported by 
Sgarbi et al. (1998) in (bebedourite-like) clinopyroxenite xenoliths from the Mata da 
Corda Group. 
As a consequence of the removal of the mineral assemblage described above, the 
composition of the residual hquids will progress away from the Si02 + TiOa + AI2O3 
apex and towards the CaO H - MgO -1- FeO (and not towards alkali enrichment). This 
trend is apparently inconsistent with the expected major-element variation in the vast 
majority of igneous systems (i.e. decrease in MgO, coupled with increase in SiOz and 
alkalis), but it has been increasingly considered a plausible alternative in recent studies 
of carbonatites and associated rocks (Veksler et al, 1998a; Kjarsgaard, 1998). In the 
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Figure V.8 - Representation of Tapira low-Cr dykes in the Hamilton projection (after Lee and 
Wyllie, 1997b). The compositions of relevant mineral phases and of C3 carbonatites are also 
plotted. Abbreviations of mineral names as in Figure V.7, plus Ks = kalsilite, Or = orthoclase. 
It was shown in Chapter IV that the ratio CaO/(CaO+MgO) provides a 
satisfactory way of monitoring magmatic differentiation in the phlogopite-picrites and 
low-Cr dykes. Therefore, although the Hamilton projection of Figures V.7 and V.8 
indicates the general sense of variation of the evolving liquid, it is not possible to use 
this diagram to accurately pinpoint detailed features. 
Further insight can be gained by plotting the composition of phlogopite-picrites 
and low-Cr dykes in the pseudoquatemary system (Si02 + AI2O3 + Ti02) - (MgO + 
F C O T ) - (Na20 -I- K2O) - CaO (Figures V.9 and V.IO). The diagram of Figure V.9 
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highlights the wide variation in the MgO - f - FeO(T) in the mafic dykes and the apparent 
presence of more than one trend, with starting points at different MgO + FeO 
concentrations. This suggests that the samples analysed represent successive batches of 
progressively more differentiated Uquids. Accordingly, three distinct paths for the 
residual liquids have been depicted in Figure V.9. Although it cannot be represented in 
this diagram, the arrows point in the direction of general CO2 increase. 
The differentiation trend of the most primitive dykes is indicated by the arrow 
labelled L In these liquids, the fractionation of olivine crystals (but not clinopyroxene or 
phlogopite) will produce an increase in alkalis and decrease in silica with concomitant 
enrichment in CO2. The composition of the residual liquids will then be driven towards 
the Na20 + K2O apex (at the rear of the diagram), and the trend is likely to intercept the 
two-liquid volume surface, thus producing a silicate-carbonatite immiscible pair. The 
occurrence of immiscibihty in this case would also be favoured by the relative increase 
in the CO2 concentration, by virtue of the removal of silicate phases (e.g. Brooker, 
1998). As discussed previously, carbonatites formed in this way would show 
geochemical fingerprints of the immiscibihty process, such as Nb-Ta decoupling, high 
LREE/HREE fractionation and Zr-i-Hf depletion. These features are present in several 
samples of Tapira carbonatites, particularly those of the CI and C2 units. Also, because 
the evolving liquid intercepts the miscibihty gap at a relatively early stage, the 
carbonatites generated by this process would have relatively high MgO contents. 
Although some of the CI and C2 carbonatites probably represent accumulations of 
calcite crystals (see discussion eariier in this Chapter, and also Figure V.IO below) their 
MgO content is generally higher than those from C3 and C4. This is consistent with the 
crystalUsation of primary tetraferriphlogopite (Chapter IE) in CI carbonatites and with 
the presence of interstitial or groundmass dolomite in C2 carbonatites. 
If the liquid is slightly more fractionated (Trend 2, shown on Figure V.9), the 
precipitation of ohvine may be accompanied by chnopyroxene and phlogopite. In this 
case, the composition of the residual liquids will still move away from the Si02 + Ti02 
+ Ai203 apex and, as in Trend 1, a progressive relative increase in carbonate will occur, 
since only silicate phases are precipitating. The evolution path may or may not hit the 
two-liquid volume surface, depending on the type and relative proportion of the 
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Figure V.9 - Composition of the Tapira mafic dykes in the pseudoquaternary diagram of Lee and Wyllie 
(1998b). The composition of relevant mineral phases is also plotted. Mineral abbreviations: mt = magnetite; 
chr = chromite; ol = olivine; phi = phlogopite; dol = dolomite; kal = kalsilite; or = orthoclase; di = diopside; 
gt= garnet; pv =pervskite; cc = calcite; ap = apatite. See text for explanation. 














Si02+Al203+Ti02 Carbonate liquidus 
Figure V.IO- Composition of the Tapira carbonatites and syenites in the pseudoquaternary diagram of Lee 
and Wyllie (1998b). Mineral abbreviations as in Figure V.9. See text for explanation. 
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crystallising phases. For instance, extensive crystaUisation of phlogopite will remove 
alkalis from the Hquid, and may now drive the composition of the residual hquids 
towards the CaO apex, thus preventing the trend from intercepting the two-liquid field. 
V.5.4 - C A R B O N A T I T E S G E N E R A T E D B Y FRACTIONATION 
If Trend 2 in Figure V.9 does not intercept the two-liquid surface, carbonatites 
may form when the evolving hquid intercepts the carbonate-silicate hquidus field 
boundary. Note that carbonatites formed in this way would lack the geochemical 
signatures of immiscible hquids, discussed above. 
According to Lee and Wyllie (1998a, b) the carbonate and oxide hquidus 
volumes in the (Si02 + AI2O3 + Ti02) - (MgO + FeOj) - (Na20 + K2O) - CaO 
pseudoquatemary system (Figure V.IO) are "forbidden zones" for residual fractionation 
products from sihcate parent hquids. Therefore, compositions plotting within these two 
volumes must, either represent accumulation of carbonate crystals or cannot derive from 
a silicate parent through fractionation. 
Tapira carbonatites from CI to C5 units are plotted in the pseudoquatemary 
phase diagram of Figure V.IO. Carbonatites from C3, some samples from CI and fine-
grained dykes from C2 plot near the silicate-carbonate liquidus field boundary, but all 
the remainder of Tapira carbonatites plot within the carbonate liquidus volume or oxide 
(periclase) liquidus volume. The two samples of C2 carbonatite that plot furthest from 
the CaO apex fall well within the silicate liquidus volume. These samples are from the 
groundmass of the diatreme-facies breccias, and their high silica content is, at least 
partially, related to the presence of fragmental material from both the silicate alkaline 
rocks and the silica-rich country rock. 
Among Tapira carbonatites, only rocks from the C3 unit do not show strong 
depletion in Zr + Hf and strong decoupling between Nb and Ta. In fact, these 
carbonatites have a chondrite-normalised Nb/Ta ratio similar to the parental magmas of 
Tapira (see Figure V. 11), suggesting that they were not formed by an immiscibility 
process. Furthermore, C3 carbonatites contain abundant phlogopite and clinopyroxene, 
but the composition and textural properties of these silicate phases suggest that they are 
entrained xenocrysts from the SPS rocks (see Chapters n and HI). These characteristics, 
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together with the position of C3 carbonatites in Figure V.IO and their spatial association 
with the B2 bebedourites, suggest that C3 are the final residue of the fractionating 
magma from which B2 crystallised. The abundance of entrained xenocrysts from B2 
suggests that the carbonatites may have separated from the forming pile of B2 
. cumulates by a process such as filter pressing. 
The interpretation of the C4 carbonatites is less, straightforward, since these 
rocks have relatively low Nb/Ta ratio, but show some degree of relative Zr -i- Hf 
depletion. In the case of C4, the compositions plot well inside the carbonate liquidus 
volume in Figure V.IO) indicating that, i f they were originated by a fractionation 
process similar to the one described above, the samples studied must represent 
cumulates. 
V . 6 - A M O D E L F O R T H E F O R M A T I O N O F T H E T A P I R A C O M P L E X 
In Chapter IV it was pointed out that some of the more evolved low-Cr dykes, as 
well as wehrlite dykes and some B2 bebedourites share a number of "anomalous" 
geochemical properties, when compared with the remainder of Tapira sihcate rocks. 
These remarkable differences include: a) anticlockwise rotation of REE pattems, which' 
"cross over" those of the primitive hquids; b) strong depletion in Th; c) strong 
enrichment in Zr -i- Hf and d) decoupling of Nb/Ta. In Figure V.9 these anomalous 
samples are aligned along trend labelled 3. It is clear that they represent a batch of 
liquids that are more evolved than trends 1 and 2, but the interpretation of their peculiar 
geochemistry is complicated. At first sight, the "crossover" REE pattems and the 
positive anomalies of Zr -i- Hf suggest that these liquids represent the silicate side of an 
immiscible silicate-carbonatite pair. On the other hand, Th would be expected to 
increase, and the Nb/Ta ratio would be expected to decrease in the silicate-rich 
immiscible liquid, but the Nb/Ta and Th variations observed in these rocks are the 
opposite, apparently contradicting the immiscibility hypothesis. 
It is suggested here that these rocks are derived from an ultramafic silicate 
magma that was itself formed by a previous liquid immiscibihty event. In this sense, if 
the parental composition for Trend 3 was the sihcate-rich side of an immiscible pair, it 
would have acquired some of its anomalous characteristics from the first immiscibility 
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event (e.g. from when trend 1 intercepted the two-liquid surface in Figure V.9), such as 
the relative enrichment in Zr + Hf, and the crossover REE pattems. However, for some 
reason, Nb and Ta did not undergo strong decoupling during this first immiscibility 
event. Hamilton et al. (1989) have demonstrated that the magnitude of Ta partitioning 
into the sihcate hquid increases with decreasing pressure and temperature and with the 
increasing polymerisation state of the magma. It is possible that the Nb-Ta decouphng 
would be less pronounced in a primitive hquid, formed by immiscibility at greater 
depth. Altematively, since both Nb and Ta show preference for the silicate liquid 
(although with different partition coefficients) the Nb-Ta decoupling is likely to be more 
pronounced in the carbonate-rich liquid than in the silicate-rich hquid. 
Therefore, i f an ultramafic magma, such as that in Trend 1, reaches the 
miscibility gap, the immiscible silicate hquid may show only a small Nb-Ta decouphng, 
whilst producing, for other elements, a full "immiscibility" signature (e.g. strong 
relative Zr - I - Hf enrichment and "crossover", LREE-depleted pattems in the silicate 
liquid). If this silicate half of the immiscible pair continues differentiating by 
fractionation of olivine (for example Trend 2 in Figure V.9, it may undergo a relative 
build-up of carbonate concentration in the fractionation residue, and might hit the 
miscibility gap a second time. This more evolved magma, undergoing liquid 
immiscibility at a lower temperature (and, possibly, shallower level in the cmst) may 
now produce strong Nb-Ta decoupling but less pronounced REE fractionation between 
the silicate and carbonate liquids. If this happens, the carbonate-rich half of this second 
immiscible pair could, conceivably, exhibit contrasting signatures (i.e., strong relative 
Zr + Hf enrichment and crossover REE pattems inherited from the first immiscibility 
episode and high Nb/Ta ratio plus strong Th depletion, produced by the second). 
These peculiar geochemical properties can be found in rocks of Trend 3, in 
Figure V.9. If these liquids now undergo further fractionation of silicate phases (at this 
stage possibly involving a substantial contribution from feldspar or feldspathoid) they 
may evolve towards ever increasing carbonate concentration, but will not be able to 
produce future immiscible liquids. Therefore, they will tend to follow the fractionation 
path leading to intersection of the silicate-carbonate hquidus boundary, eventually 
crystalhsing carbonatite. It must be stressed, however, that this carbonatite, although 
formed ultimately by fractionation, will show an "immiscibility signature", because this 
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was already imprinted in the fractionating liquid 3. 
It should be noted that if clinopyroxene, phlogopite, feldspar or feldspathoid 
come into the crystallisation sequence at an intermediate stage, they may conceivably 
cause the formation of fractionation-type carbonatite with an intermediate geochemical 
signature. 
The composition of coarse-grained syenites from Tapira and fine-grained syenite 
dykes from Salitre is shown in Figure V.IO. The coarse-grained syenites from Tapira 
plot in a very tight cluster while the fine-grained dykes span a wider compositional 
range, suggesting, as discussed previously, that the former are feldspar cumulates and 
the latter represent different stages of an evolving liquid. Note that Trend 3 in figure V.9 
would be reasonably aligned with, and move away from, the compositional space 
occupied by syenites in Figure V.IO). 
This petrogenetic model seems to explain the unexpected signatures not only of 
Tapira magmas, but also of the related cumulates (e.g. anomalous signatures in some 
rocks of the B2 unit - Chapter IV). However, there are two sine qua non conditions for 
the model to be viable: 
1 - The first, and probably the second immiscibility events have to occur at 
relatively high temperature, i.e. at a relatively undifferentiated stage. This is required so 
that the fractionation trend hits the miscibility gap for the first time in Figure V.9 at a 
high enough MgO-i-FeO(T) level, so that the carbonate-rich branch still contains 
significant amounts of silica, and the silicate-rich branch is still relatively unevolved. 
2 - The carbonate-rich conjugate liquid originating from the second 
immiscibihty event has to lose C O 2 (probably by degassing). If this is accompanied by 
loss of alkalis, the composition of the hquid may be shifted back to the siUcate liquidus 
volume, so that a fractionation trend like 3 can be resumed. This is consistent with the 
presence of more than one trend in the mafic dykes, with respect to CO2, Na20 and 
K 2 O , noted in Chapter IV. The mixed geochemical fingerprints of the samples in this 
trend requires that they followed a path similar to: 
Trend 1 => immiscibility => Trend 2 (sihcate-rich branch) => immiscibility =^ 
=> Trend 3 (carbonate-rich branch) ^ fractionation without immiscibility. 
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The sample at the starting point of Trend 3 has a very low C O 2 content (1.07 wt. %). 
Since the liquids of Trend 3 presumably formed the carbonate-rich branch of the 
immiscible pair in the second immiscibility event, the very low C O 2 content of this 
sample suggests that most of the original C O 2 was lost by degassing. It should be noted 
also that the samples with the more extreme coupled 5^^0 enrichment - S^ C^ depletion 
are generally the ones with lesser C O 2 contents. 
A third condition for immiscibihty to occur, in the case of Tapira compositions, 
is that substantial amounts of olivine must be fractionating. Once the magmas start 
fractionating clinopyroxene - I - phlogopite, or phlogopite + feldspar (or feldspathoid) the 
liquid is prevented from reaching the miscibihty gap. Since this style of fractionation 
still can result in the build-up of C O 2 in the hquid, carbonatite may still form by 
fractionation. 
A possible sequence of events is illustrated using the variations in chondrite-
normalised Nb/Ta ratio, in Figure V . l l . The ratio is plotted against a modified version 
of the differentiation index used in Chapter IV to monitor the evolution of the Tapira 
mafic dykes. Note that both the syenites and the B2 bebedourites plot in two distinct 
areas of the diagram; i.e. there is a high- and a low-Nb/Ta group of syenites, and a high-
and low-Nb/Ta group of B2 bebedourites. It is suggested here that these distinct Nb/Ta 
signatures are related to different roles of liquid immiscibility in the generation of 
syenites and B2 bebedourites. Note also that the high Nb/Ta ratios in CI and C2 
carbonatites suggest that they are products of liquid immiscibility, whilst C 3 and C 4 
have a fractionation-like Nb/Ta ratio. 
Nb-Ta decoupling by liquid immiscibility may be more common than it was 
previously thought and may have been often overlooked. The data for syenites and 
carbonatites from the Salitre complex obtained during this research show many of the 
geochemical signatures described in the previous paragraphs for Tapira. The inset in 
Figure V . l l shows the same effects in a suite of mehhtite - carbonatite - nephelinite 
dykes from the Turiy Peninsula , Russia (Ivanikov et al. 1998). 
3 0 6 













0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
CaO/(CaO+MgO+FeOT) 
Figure V.ll - Chondrite-normalised Nb/Ta ratio of Tapira mafic dykes (solid squares) plotted against the 
CaO/(CaO+MgO+FeOT) ratio. Assuming a composition similar to the least differentiated phlogopite-
picrite for the parental liquid, the solid lines indicate possible alternatives of evolution, in a mixed 
fractionation-immiscibility process. The inset shows the Nb/Ta decoupling in the data reported by 
Ivanikov et al (1998) for dykes of the Turiy Peninsula, Russia. 
Implications for the interpretation of mineral chemistry 
Some of the most intriguing variations observed in mineral chemistry during this 
research (Chapter EI) seem to agree remarkably well with this petrogenetic model. 
These are summarised below: 
a) It was observed in phlogopites from some of the more evolved low-Cr 
dykes that an SPS-like phlogopite core is coated by a carbonatite-like phlogopite 
rim (i.e. tetraferriphlogopite). This may be reflecting an immiscibility episode 
whereby the magma, although still containing appreciable amounts of mafic 
silicate minerals, becomes suddenly carbonate-rich. Because Al partitions strongly 
into the conjugate silicate-rich liquid (KD^*'^ '^ ^^*' = lOO, for the nephelinite system, 
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and 200 for the phonolite system, calculated from the data of Hamilton et al, 
1989, at 1150 °C and 2 kb), phlogopites crystallising from this rock will evolve 
towards Al-deficient compositions (i.e. tetraferriphlogopite). This places severe 
constraints in the Ti-Al systematics of phlogopite, which has become a popular 
means of distinguishing different types of ultrapotassic rocks (e.g. Mitchell and 
Bergman, 1991; Mitchell, 1995). 
b) Sudden changes in the composition of gamet, from melanite to andradite, 
in evolved low-Cr dykes from Trend 3, sometimes with partial resorption of the 
melanite core. Again, since Ti notably prefers the silicate liquid (j^^^^^^^^^^ = 5 for 
the nephelinite system and 4 for the phonolite system, calculated from the data of 
Hamilton et al., 1989, at 1150 °C, 2 kb) the amount of Ti available for the 
crystallising gamet decreases abmptly, and a rim of andradite forms in the gamet. 
c) Nb content in perovskite from some wehrlites is higher than in the 
bebedourites. This is in contrast with the expected increase of Nb in perovskite 
with magma differentiation, suggesting that some of the wehrlites crystallised 
from a batch of magma that was more "evolved" than that which formed some of 
the bebedourites. 
d) Low NiO, coupled with high CaO and MnO contents in olivines from 
some wehflites. These olivines seem to be more evolved than those from 
phlogopite-picrites, which contrasts with the expected variation, i f the former are 
cumulates produced by olivine fractionation from the latter. In fact these 
anomalous olivines have some of the characteristics highlighted by Caspar et al. 
(1998) to distinguish carbonatitic olivines from those crystallised from sihcate 
rocks, in carbonatite complexes. This suggests that some of the wehrlites were 
fractionated from a carbonate-rich conjugate that previously originated by liquid 
immiscibility. 
In summary, the data presented in this thesis and discussed in the model above 
indicate that both liquid immiscibility and fractionation processes were involved in the 
evolution of Tapira carbonatites and associated .sihcate rocks. However, neither of these 
mechanisms can individually account for the whole spectmm of chemical compositions 
and evolution trends of the various minerals and rock-types in the complex. Dawson 
(1998) has recently demonstrated that the apparently unexpected variations in mineral 
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and rock chemistry, and the relationships between the different rock-types from the 
Oldoinyo Lengai volcano (Tanzania), cannot be explained by a single mechanism, but 
are the result of a complex interplay of processes such as fractionation, unmixing of 
sihcate and carbonatite liquids and C O 2 degassing. 
3 0 9 
C H A P T E R V I - CONCLUSIONS 
The main conclusions of this research are summarised below: 
The Tapira Complex is a carbonatite/silicate-rock composite intmsion, emplaced 
into a Late Proterozoic mobile belt (Brasilia belt), adjacent to the margin of a major 
cratonic area (Sao Francisco craton) in southeastem Brazil. 
This and other carbonatite-bearing complexes in the region are part of the Late-
Cretaceous Alto Paranafba Igneous Province (APIP), which is composed essentially 
of potassic to ultrapotassic rocks (kamafugites, lamproites, kimberlites) 
The complex is an amalgamation of several intmsions, containing mainly ultramafic 
rocks, such as wehrlite and bebedourite (a particular type of chnopyroxenite, with 
substantial modal proportions of apatite, perovskite and phlogopite), and subordinate 
amounts of carbonatite, syenite and rare melilitic rocks (uncompahgrite). 
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Most of the silicate plutonic rocks can be considered cumulates. The ultramafic 
rocks are formed by fractionation of dense minerals from a (carbonated) alkaline, 
undersaturated, ultrapotassic magma. The coarse-grained syenites are flotation 
cumulates of K-feldspar crystals. 
At least two separate units of ultramafic rocks, named B l and B2, are recognisable 
on the basis of their location in the complex, and of modal and chemical variations 
in the essential mineral phases. Unit B2 may consist of two separate intrusions, with 
distinct petrogenetic histories. 
The syenites are mineralogically and petrographically homogeneous, but trace-
element systematics allows the recognition of petrogenetically distinct syenites in 
the Tapira complex. 
At least five episodes of carbonatite intrusions are recognisable, and were named CI 
to C5. The carbonatites are mainly sovites, but dolomite sovites (CI, C2) also occur. 
Late stage carbonatitic activity comprises beforsites. Coarse-grained carbonatites in 
Tapira are mainly cumulates, but carbonatite dykes are likely to approximate the 
composition of some of the carbonate-rich magmas. 
The complex is crosscut by ultramafic fine-grained dykes. Two petrographic and 
chemical varieties are recognised: phlogopite-picrites are the most primitive rocks in 
the complex; low-Cr dykes represent more evolved hquids and typically lack 
olivine. Yet, they are still ultramafic in composition and are considered the fine-
grained counterpart of the bebedourites. Both types of ultramafic dykes are 
carbonate-rich, and may contain carbonate ocelli, indicating that the immiscibility of 
carbonatite liquid occurred in these rocks. 
The chemical trends observed in the essential mineral phases of Tapira rocks are 
consistent with the magmatic evolution of the complex and support the subdivision 
of Tapira rocks into the units described above. Detailed variations in mineral 
composition can be successfully used to monitor different stages in the evolution of 
these magmas, and to pinpoint the onset of specific processes, such as liquid 
immiscibility. 
The geochemical characteristics of Tapira rocks are similar to those observed in the 
kamafugite suite in general, and in the APIP kamafugites, in particular. 
The petrographic similarities of bebedourites with clinopyroxenite xenoliths from 
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the Mata da Corda kamafugites suggests that the Tapira complex represents the 
deeply eroded remnants of a kamafugitic volcanic centre. 
Major- and trace-elements, and Sr- and Nd-isotope systematics indicate that the 
source of the Tapira magmas is similar to that of other ultrapotassic rocks in APIP. 
In detail, it is similar to that of the kamafugites. These magmas are believed to have 
originated in the sub-continental hthospheric mantle (SCLM), from a source that had 
been previously enriched in incompatible elements. 
The parental magmas of the Tapira complex underwent some differentiation in the 
crust, before their final emplacement. The phlogopite-picrite magma must have 
fractionated substantial olivine and chromite, but the products of this process are 
apparently not present in Tapira. Olivines in wehrlites from Tapira are more evolved 
than those in the phlogopite-picrites. 
Crystal fractionation from the low-Cr dykes may have produced the bebedourites. 
The majority of the bebedourites were emplaced as a crystal mush, but some may 
have formed in situ, and fractionated to produce carbonatite. 
The Tapira complex contains examples of carbonatites originated by liquid 
immiscibility and carbonatites formed by direct fractionation from a carbonated 
silicate magma. The latter are associated with bebedourites B2, and were most likely 
separated from the ultramafic fraction by filter pressing. 
Silicate-carbonate liquid immiscibility produces chemical signatures in both the 
carbonate-rich and the silicate-rich conjugate hquids. In the carbonatite, the 
immiscibility signature is translated by Th, Zr and Hf depletion, positive 
LREE/HREE fractionation and strong decoupling of Nb and Ta, with increase in the 
Nb/Ta ratio. The silicate liquid will show correspondent anomalies, in the opposite 
direction. 
Carbonatite generated as a fractionation residue will not show these signatures, 
especially i f they are produced from a relatively primitive composition. However, if 
the fractionating liquid has been involved in a previous immiscibility event, the 
inherited geochemical signatures will be passed on to the carbonatite. 
In addition to the whole-rock geochemical signatures, abrupt variations in the 
mineralogy of the crystalline phases are associated with liquid immiscibility. This 
potentially places severe limitations for mineral-chemistry-based systematics of 
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alkaline rocks, such as kamafugites, kimberlites and lamproites, unless the effects of 
Hquid immiscibility can be properly assessed in each case. 
Carbonatites generated by liquid immiscibility can accommodate economic 
concentrations of Nb, contradicting the forecast of Veksler et al. (1998). 
The two latter conclusions have important implications for the evaluation of the 
economic potential of alkaline rocks. 
Al l rock units identified in the Tapira complex can be genetically linked to each 
other, provided that the combined effects of liquid immiscibility, fractionation and 
CO2 degassing are taken into consideration. 
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A l . l - SAMPLING STRATEGY AND PRELIMINARY SAMPLE PREPARATION 
Due to the extensive tropical weathering regime prevaihng in the study area, it is 
virtually impossible to obtain surface samples of alkaline rocks and carbonatites that are 
fresh enough for geochemical studies. To ensure the best possible quality, most samples 
used in this study were collected from drill cores, kindly made available by the mining 
companies Fosfertil - Fertilizantes Fosfatados S.A. and Companhia Vale do Rio Doce. 
In the Tapira Complex, the drilling usually persisted for only a few meters in the fresh 
rock below the mineralised weathering zone. Despite this limitation in depth, the set of 
drill cores available permitted a good lateral coverage, especially on and around the 
main ore reserves. For the Salitre complex, drilling usually reached greater (up to 
several tens of metres) depths in well-preserved rock, but lateral sampling was 
constrained by the fewer drill cores available. A more detailed sampling campaign was 
then conducted on the Tapira complex, and additional samples from Salitre were 
collected to allow comparison between the two complexes. A smaller number of 
suitable surface samples of the complexes and country rocks was collected from fresh 
blocks in the mining area of Tapira and from road cuts and streams over the region. 
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Thin sections for petrographic studies and microprobe analysis were made at the 
universities of Brasilia and Durham. Samples for chemical analysis were selected on the 
basis of petrographic inspection and field information. 
As carbonatite complexes are widely recognised as sites of strong hydrothermal 
and/or carbothermal activity, maximum care was taken to avoid altered surfaces or 
secondary veinlets. The hand-specimens were initially trimmed with a chpper saw, and 
any visibly altered portions discarded. Subsequently, the samples were reduced to 
coarse-grained (5-10 mm) fragments with a Fritsch Pulverisette jaw crusher, inspected 
again for alteration and finally ground to a fine-grained powder in a Fritsch Pulverisette 
agate ball mill. Between runs the jaw crusher blades were cleaned with a wire brush and 
absolute alcohol, and the agate pots and balls were thoroughly washed. Additional 
cleaning of the agate mill was achieved by periodical runs of quartz sand. The sample 
powders were stored in labelled self-seahng plastic bags for future analysis. 
AL2 - WHOLE ROCK ANALYSIS 
Al.2.1- LOSS-ON-lGNITION (LOI) 
Sample preparation 
Sample powders were dried out in an oven at 105°C for 12 hours prior to 
analysis to drive out superficial moisture. 
Analytical procedure 
The weight (C) of porcelain crucibles was accurately determined. Approximately 
3g of sample powder were added to each crucible and the accurate weight of crucible + 
sample (C+S)i recorded. The crucibles with sample powders were ignited in a Carbolite 
LMF furnace at 900 °C. After a minimum of 2 hours, they were removed from the 
furnace, allowed to cool, and the weight of crucible -i- ignited sample (C+S)2 was 
determined. Loss-on-ignition was calculated by weight difference as 
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LOn%)= , ' ' ^ x l O O 
(C+S),-C 
Data quality assessment 
The use of Loss-on-Ignition (LOI) as an estimate of the total volatile content in 
geological samples has several limitations. The main sources of error in LOI results are: 
(a) weight gain on ignition (e.g. by Fe oxidation) and (b) post-ignition moisture 
absorption. 
The gain on ignition by oxidation of ferrous iron was demonstrated by Lechler 
and Desilets (1987). Conversion of FeO to Fe203 during ignition will lead to a decrease 
in LOI figures by an amount that is proportional to the original concentration of FeO. 
Where independently determined FeO was available, a correction factor (CF) was 
calculated according to Lechler and Desilet's equation 
CF = (UlxFeO)-FeO 
and the actual LOI determined as 
LOIc = LOI + CF 
LOI values are presented together with major-element analysis in Appendix 3. 
Where FeO data are lacking, the non-corrected LOI is reported. 
Errors resulting from moisture absorption by the ignited powder can also be 
substantial, especially for carbonatites or other rocks containing large quantities of 
carbonate minerals. During this research the presence of the mineral portlandite 
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(Ca(OH)2) was detected by X-ray diffraction on ignited samples of carbonatite. The 





CaO + / / , 0 - ^ ^ ^ CaiOH), 
(portlandite) 
An experiment was conducted to evaluate the effect of moisture absorption. A 
sample of SpecPure CaC03 was ignited, and repeated LOI determinations were made at 
progressively increasing time intervals. The results are summarised in the diagram of 
figure I . l and indicate that, although dependent on a number of factors (such as grain 
size and environmental conditions), the transformation of CaO in portlandite can be a 
45 J 
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LOI of pure calcite = 44% 
Total time elapsed = 19hs 
10000 20000 30000 40000 50000 60000 70000 
Time (seconds) 
Figure All - LOI variation with time for pure CaCOj, resulting from moisture absorption by the 
ignited sample. 
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very rapid process. During the experiment, the sample was allowed to cool for 3 
minutes before measurements started, but even this short cooling period was enough to 
produce a substantial error in the analytical results (LOI at T=3 min was 43.34%, as 
opposed to the expected 44.0% for pure calcite). Although this type of error cannot be 
easily corrected for, it can be minimised by keeping the time between ignition and 
weighing to a minimum, and by allowing samples to cool down in a desiccator. 
Further indirect evidence of moisture absorption is given by comparison of LOI 
results with independent CO2 determinations conducted at the University of Brasilia. 
For the studied carbonatites and carbonate-rich silicate rocks CO2 results were 
consistently higher than LOI. Assuming that CO2 is not hkely to be the sole volatile 
present in the analysed rocks, it follows that LOI is a poor, low-accuracy, estimate of the 
amount of volatiles in carbonate-rich rocks, and should be interpreted merely as a 
minimum reference value. 
A 1.2.2. M A J O R ELEMENT ANALYSIS BY X - R A Y FLUORESCENCE ( X R F ) 
Sample preparation 
An aliquot of 0.6g of ignited sample powder was added to 3.0g of Spectroflux 
lOOB (lithium metaborate and lithium tetraborate), previously dried at 600°C in a 
Carbolite CSF 1100 furnace for 12 hours. The mixture was homogenised in a small 
Fritsch Pulverisette agate mill for 2 minutes, transferred to a platinum crucible and 
fused in a CarboUte CSF1200 furnace at 1050 °C. Great care was taken not to allow the 
fusion to stay in the furnace for longer than 20 minutes, in order to minimise volatile 
loss. The fusion was then poured into a graphite mould and pressed with an aluminium 
plunge to produce a glass disc. The discs were allowed to cool, labelled, and stored in 
plastic bags. 
For carbonatites, however, this preparation method failed to produce adequately 
stable fusion discs, resulting in a high percentage of breakage during and after cooling. 
To overcome this problem, and also to. obtain a matrix that was chemically closer to the 
range of standards available for calibration, the ignited carbonatite powders were mixed 
with SpecPure Si02 in a 1:1 ratio. This rock-Si02 mixture was then fused in the same 
way as described above. Data obtained by this method were subsequently recalculated to 
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discard the added Si02. A number of pure Si02 fusion discs were used as control 
"blanks". 
To minimise moisture absorption, all fusions were performed immediately after 
LOI, and the fusion discs were kept in a desiccator prior to analysis by XRF. 
Analytical procedure 
The fusion discs were analysed at the University of Durham with a Phillips 
PW1400 X-ray Fluorescence Spectrometer, fitted with a PW1500/10 automatic sample 
changer. A Rh tube was used as the source of X-rays. Calibration, correction factors for 
line overlaps and mass absorption coefficients were calculated using Phillips X40 
software. The operating conditions were 80 kV and 35 mA for all the elements. For 
some samples, especially carbonatites rich in Ba, Sr and rare-earth elements (REE) the 
first attempts at determining major-element concentration failed to yield acceptable 
totals. The reasons for this are: (1) Heavy elements, such as Ba and the REE have a 
strong mass absorption effect and, if present in large amounts, can cause an overall 
suppression in the analytical signal, when compared with relatively poorer standards. 
This lower signal intensity causes the software to underestimate the actual major-
element concentrations, and therefore produce low totals. (2) In carbonatites and some 
carbonate-rich silicate rocks, Ba, Sr, and sometimes REE are present in concentrations 
high enough 'to be considered major elements and, as such, should be added to the 
analytical totals. (3) High Ba in some samples was found to cause an overcorrection in 
the calculation of the matrix of mass-absorption coefficients. 
The following modifications were then implemented to the analytical method: 
(a) incorporation of high-Ba, -Sr and -REE standards into the calibration set; (b) 
inclusion of BaO and SrO in the calculation of analysis totals; (c) change of parameters 
in the X-40 procedure that calculates the matrix of mass-absorption coefficients. The 
system requires that one of the analysed elements is removed from the calculations, so 
that all other coefficients are rated to it. In the routine method this element is usually Si. 
For this research Ba was chosen as the element to be removed from calculations, and an 
indepiendent alpha factor was manually calculated for it. 
New analysis of carbonatites with these modified settings produced totals within 
the acceptable hmits of 99 to 101 %. 
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Calibration and data quality assessment. 
The calibration was set up with the use of the international standards Mica-MG, 
BE-N, MRG-1, DNC-1, BIR-1, BHVO-1, N I M - P , SARM-40, W-2, N I M - N , OKA-1, 
D R - N , A G V - 1 , T - 1 , N I M - S , Q L O - 1 , GSP-1, G-1, N I M - G and BCS-313, for which the 
corresponding sources and recommended values can be found in Potts et al. (1992). A 
kamafugite (XUXA) from the Alto Paranaiba Igneous Province, previously analysed by 
Gibson et al. (1995), was used as an additional monitor for analysis precision. 
Analytical precision was monitored by several repetitions throughout the 
analytical run. The relative standard deviation (RSD %, reported in table I . l ) , is 
obtained by dividing the standard deviation by the average concentration of a given 
sample. This provides a better estimate of the analytical precision than the standard 
deviation alone, since RSD expresses the magnitude of the error as a percentage of the 
actual measurement. 
RSD (%) 
AGV-1 BHVO-1 W-2 XUXA 
Si02 0.305 0.152 0.265 0.270 
Ti02 0.479 0.793 0.764 0.759 
A1203 0.482 1.063 0.927 2.277 
Fe203 1.166 0.581 0.713 0.573 
MnO 2.340 3.292 2.227 3.010 
MgO 2.398 1.081 0.517 1.147 
CaO 0.584 0.650 0.648 0.631 
Na20 2.101 2.660 2.190 3.506 
K20 0.449 0.704 0.850 0.517 
P205 1.768 1.669 4.382 1.963 
Table Al.l - Reproducibility (precision) of major element analysis by XRF, expressed as 
relative standard deviation (RSD %) of replicate analysis on the same fusion disc 
throughout the analytical run. 
Analytical accuracy was evaluated by least-squares regression between the 
recommended and observed values for international standards. The standard error of 
regression, reported in table 1.2, is a measure of the error in estimating a dependent 
variable (analytical result) from an independent value (known concentration of standard) 
and its significance is related to the bulk part of the calibration line where the analysed 
sample is expected to be. Thus, a given standard error of regression is obviously more 
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relevant for samples situated in the lower portions of the calibration line than for those 
with higher concentrations. 
Oxide Range (%) standard error (%) 
Si02 38.9 - 99.73 0.20 
Ti02 0.02 - 6.93 0.01 
AI2O, 0.16-18.38 0.17 
Fe203 0.02-18.18 0.08 
MnO 0.005 - 1.03 0.005 
MgO 0.01-25.33 0.11 
CaO 0.02 - 40.32 0.09 
Na20 0.01 - 4.45 0.03 
K2O 0.02-15.39 0.01 
P7O5 0.00- 1.84 0.01 
Table AI. 2 - Accuracy of major element analysis by X-ray Fluorescence, expressed as the 
standard error in the regression of observed results on the recommended values for 
international standards. 
Al.2.3 - TRACE-ELEMENT ANALYSIS BY X-RAY-FLUORESCENCE 
Sample preparation 
A mixture of sample powder and previously prepared 4% Mowiol solution was 
pressed in a SPECAC hydraulic press to 7 - 8 tons, to produce powder pellets. These 
were labelled, dried out in an oven at 105°C, and stored in plastic bags prior to XRF 
analysis. Press components were cleaned thoroughly between runs. 
Analytical procedure 
The pressed pellets were analysed for Cr, Sc, Zr, Ni, Co, V, Nb, La, Ce, Nd, Y, 
Rb, Sr, Ba and Th at the University of Durham, using a Philhps PW1400 X-ray 
Fluorescence Spectrometer, fitted with a PW1500/10 automatic sample changer. The X-
ray source was provided by a Rh tube. The operating conditions were usually 80 kV and 
35 mA. When necessary, analysis was carried out at a lower voltage (45 kV, 35 mA), to 
prevent excitation of elements such as Ba and the REE, and thus minimise their 
potential line interferences with other elements. 
Calibration and data quality assessment. 
A number of precautions must be taken when analysing carbonatites and 
strongly alkaline rocks by XRF. Line interference and mass absorption effects related to 
some trace-elements can be enhanced by their unusually high concentrations, and must 
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be carefully investigated and corrected for. The standard correction procedures routinely 
applied to less extreme, sub-alkaline rocks were found to be insufficient to account for 
the observed variation in the carbonatites during this research. Instead, the calibration 
for trace elements was performed on an individual basis. This included: (a) performing 
scans over the peak and background regions to assess the presence and magnitude of 
line interferences, and (b) extending the calibration ranges, when required. 
Whenever possible, the same set of calibration standards used for major 
elements was employed in trace-element analysis. However, the analysis of Ba, Sr, Ce, 
La and Nd in some of the studied rocks required the manufacturing of an additional set 
of synthetic standards, in order to extend the calibration ranges. These were prepared by 
addition of known amounts of each element (in SpecPure oxide or carbonate form) to 
selected international standard powders. These spiked powders underwent further 
mixing in a small Fritsch Pulverisette agate mill, for optimum homogeneity, and were 
finally pressed as pellets for XRF analysis. The composition of the spiked standards is 
reported in table 1.3 and the recommended values for the other international standards 
used in calibration are those of Potts et al. (1992). 
La Ce Nd Sr Ba Th 
SARM40(H) 3778 7045 2536 89769 
SARM40(M) 1927 3598 1305 45684 
STMl(H) 3161 4933 940 9239 24599 1115 
STMl(M) 1603 2514 494 4819 12156 554 
NIM-S(H) 60236 82673 2932 
NIM-S(M) 30124 42513 1465 
OKA 1(H) 110501 2748 
OKAl (M) 56060 1372 
Table AI.3 - New concentration (ppm) of spiked standards used in calibration of La, Ce, 
Nd, Sr, Ba and Th. (M) = single spiking, (H) = double spiking. 
The analytical precision and possible drifts in calibration were monitored by 
replicate analysis of selected samples at different stages during the analytical run, and 
calculation of RSD (%) for each element. The accuracy of the method was assessed 
through the standard error of a least-squares regression between the recommended and 
observed values for each element in the international standards. The statistical 
parameters obtained are summarised in tables 1.4 and 1.5 
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BHVO-1 W-2 XUXA AGV-1 
RSD(%) RSD(%) RSD(%) RSD(%) 
Cr 2.38 3.10 1.80 4.91 
Sc 3.24 7.21 8.39 9.61 
Zr 2.91 2.01 1.05 0.95 
Ni 2.36 4.30 1.70 9.11 
Co 5.01 7.16 4.61 10.80 
V 0.93 0.81 1.72 2.01 
Nb 4.79 7.54 0.85 3.86 
La 10.99 19.31 2.89 7.31 
Ce 10.44 9.03 2.02 9.31 
Nd 11.25 17.23 4.54 6.35 
Y 5.06 5.56 3.59 2.66 
Rb 4.69 3.20 1.59 1.60 
Sr 2.07 1.80 1.30 0.94 
Ba 1.65 4.13 0.16 1.14 
Th 62.44 44.35 7.31 29.47 
Table AI.4 - XRF trace-element analytical precision, expressed as 
relative standard deviation (RSD%) of repeated analysis of the 
same pellet throughout the analytical run 
Element Range standard error 
(ppm) 
Cr 3-635 0.66 
Sc 0.24 - 55 1.99 
Zr 16-1210 9.50 
Ni 2-534 1.07 
Co 0.5 - 87 1.84 
V 8-526 1.68 
Nb 0.03 - 3700 2.88 
La 1.2-3778 9.43 
Ce 2.1 -7045 6.53 
Nd 5 - 2536 2.03 
Y 0.89-718 3.52 
Rb 0.06 - 3600 2.52 
Sr 5 - 89769 32.69 
Ba 61 - 110501 60.7 
Th 0.1 -2932 4.77 
Table Al.5 - Standard error of the regression of analytical results 
on recommended values for international standards 
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Al.2.4 - T R A C E - E L E M E N T ANALYSIS B Y I N D U C T I V E L Y C O U P L E D PLASMA MASS 
S P E C T R O M E T R Y ( I C P - M S ) 
Sample preparation 
Sample powders were dried for a minimum of 12 hours in an oven at 105^ C. 
Screw-top Teflon vials were cleaned in Analar HNO3 for 24 hours on a hot plate and 
rinsed thoroughly with MQ water before sample digestion. 
A O.lg aUquot of sample powder was transferred to the Teflon vial and then 
digested for 48 hours in a mixture of Aristar HNO3 and HF on a hot-plate surface, at a 
temperature of 130-150^ C. After digestion, the acid mixture was evaporated to a moist 
residue to remove HF and silicon as SiF4. The residue was re-dissolved in dilute HNO3 
and checked for the presence of undissolved solids. Subsequently, the samples, blanks, 
and calibration standards were spiked with an internal standard solution containing 
known amounts of Rh and Re, and further diluted in 3.5% HNO3 The final dilution 
factor of analysed solutions was 1/5000. 
Samples showing petrographic evidence of mineral phases known to be 
refractory to HF - HNO3 digestion (e.g. zircon) underwent an additional step in 
preparation. The samples and a set of international standards were mixed with 
Spectroflux 100 (lithium tetraborate) in a flux:sample ratio of 5:1, and fused according 
to the procedure described in section 1.3.1. The fusion discs were ground manually with 
an agate pestle and mortar, and digested in the same way as the rock powders. The agate 
pestle and mortar were cleaned with quartz sand and thoroughly washed between runs. 
Analytical procedure 
The dissolved samples were analysed for Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, 
Rb, Sr, Y, Zr, Nb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, 
Ta, Pb, Th and U at the University of Durham, using a Perkin-Elmer Sciex Elan 6000 
TCP Mass Spectrometer, equipped with a cross-flow nebuliser set at Iml/min. The 
plasma was operated at 1100 to 1300 W. Analytical results were processed using 
software supplied by Sciex (version 2.0). Equipment performance was checked by daily 
quality control tests, and plasma temperature and sample flow rate were adjusted as 
necessary to ensure that oxides and double-charged ions were kept to less than 3 % of 
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the total signal. A number of blanks was used to monitor possible contamination and 
international standards were used to set up calibration. Correction factors for several 
possible interferences were calculated from standard solutions and implemented in the 
analytical software, in addition to built-in corrections.. The use of the internal Rh and 
Re spike allowed compensation for signal fluctuation (caused by signal suppression in 
samples with complex matrices) and possible drifts in calibration. 
Calibration and data quality assessment. 
Blank concentrations were typically below 0.01 ppm, except for Sc, V, Cr, Ni, 
Cu, Zn. Standards used in calibration were BCR-1, AGV-1, W-2, BHVO-1, STM-1, 
ENDV, X-108 and K2AVI. Statistical parameters used to assess analysis precision and 
accuracy are reported in tables 1.6 and 1.7. 
The statistical data illustrate the excellent precision and accuracy of this method 
for elements heavier than Ga, and in particular for the REE. Lighter elements, however, 
showed lower accuracy in table 1.7. This is consistent with the lower precision and 
higher detection limits shown in table 1.6, and with the higher blank values obtained for 
some of these elements during this research. The higher errors associated with light 
elements are either a result of contamination or interference during analysis. 
From table 1.7 it is also noteworthy that the analyses of fusion discs are usually 
less accurate than those conducted on the original sample powder. This is expected, 
since both samples and standards are considerably tdiluted by flux (dilution ratio = 1:5). 
Furthermore, the fusion discs consist of a different chemical matrix with the additional 
presence of excess boron and lithium. Presumably, potential interference caused by 
these elements would be compensated for by the use of fused blanks and cahbration 
standards, but it must be stressed that this was not investigated in detail during this 
research. 
Although several interferences can occur during ICP-MS analysis they can be 
readily monitored by the preparation of blanks and control standards, and many 
interferences can be compensated for with the use of correction factors. Potential 
interferences were additionally monitored by analyses of more than one isotope for 
some of the more susceptible elements (Cr, Sm, Eu, Dy, Er, Yb, Hf and Pb).^  
The most common interferences observed in this study comprise: 
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Relative Standard Deviation (%) 




K2AVI STMl X U X A BHVO-1 
(fusion) 
Sc 6.8234 7.1782 5.78 21.68 1.10 14.67 
Ti 0.9294 1.3294 3.12 3.51 3.81 1.64 
V 1.9634 2.3585 2.60 9.97 1.03 1.53 
Cr 9.0745 11.5507 4.46 9.71 1.02 1.38 
Mn 4.78 3.12 1.36 1.15 
Co 0.0422 0.0662 5.62 4.16 2.34 0.93 
Ni 1.0470 1.3705 5.69 6.44 3.23 1.88 
Cu 0.0722 0.1249 5.50 3.93 3.22 1.55 
Zn 6.43 3.32 2.95 2.04 
Ga 0.0314 0.0563 3.49 2.62 2.27 1.87 
Rb 0.0178 0.0314 2.32 1.44 1.14 1.44 
Sr 0.0473 0.0703 2.39 0.50 2.88 0.64 
Y 0.0051 0.0084 0.78 0.58 0.42 0.97 
Zr 0.0426 0.0560 0.72 0.85 0.08 0.74 
Nb 0.0098 0.0158 0.75 0.50 0.03 0.65 
Cs 2.39 0.93 0.98 11.52 
Ba 0.1354 0.2167 2.27 0.86 4.91 1.46 
La 0.0029 0.0043 3.18 1.79 2.63 1.63 
Ce 0.0045 0.0062 2.96 1.97 2.92 0.66 
Pr 0.0018 0.0033 2.68 1.70 2.66 0.74 
Nd 0.0073 0.0133 2.78 1.71 2.44 1.29 
Sm 0.0069 0.0138 1.89 1.26 2.17 3.08 
Eu 0.0020 0.0039 1.68 1.05 2.15 0.81 
Gd 0.0065 0.0137 2.65 1.40 1.99 0.82 
Tb 0.0016 0.0030 1.61 0.67 1.25 0.49 
Dy 0.0041 0.0082 0.92 1.00 1.40 3.03 
Ho 0.0009 0.0018 1.28 0.74 1.80 1.32 
Er 0.0021 0.0043 1.62 0.55 1.78 3.50 
Tm 0.0009 0.0019 0.75 1.19 0.14 2.41 
Yb 0.0022 0.0040 0.82 0.50 2.30 2.33 
Lu 0.0011 0.0025 1.80 1.13 0.07 2.79 
Hf 0.0051 0.0107 0.84 0.93 0.21 1.12 
Ta 0.0050 0.0085 2.04 0.26 0.97 1.49 
Pb 1.59 0.78 1.47 4.01 
Th 0.0011 0.0023 2.85 1.12 1.80 1.24 
U 0.0013 0.0027 2.96 1.67 2.05 1.49 
Table AI.6 - ICP-MS analytical precision, expressed as relative standard deviation of 
repeated analysis of selected standards and control samples throughout the analytical run. 
Detection and quantitation limits are typical values obtained in the ICP-MS laboratory at 
the University of Durham, for the described analytical method. 
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Powders Fusions 
Element Range Standard error Range Standard error 
(ppm) (ppm) (ppm) (ppm) 
Sc 12.1-35.9 0.62 12.1-42.8 2.66 
Ti 0.14-2.71 0.018 0.14-2.71 0.019 
V 50 - 358 2.85 50 - 358 2.93 
Cr 12 .0 - 1240.0 20.80 12.0- 1240.0 35.43 
Mn 0.096 - 0.22 0.005 0.096 - 0.22 0.008 
Co 0.9-61.55 1.14 0.9-61.55 1.04 
Ni 13 -798.3 9.42 17 -798.3 14.87 
Cu 19- 136 2.54 17.0- 136 5.30 
Zn 66.12- 129.5 6.21 66.12-105 3.87 
Ga 9.19-36 0.37 9.19-36 0.47 
Rb 9.6- 158.4 0.30 9.6-158.4 0.70 
Sr 85.47 - 662 2.34 85.47 - 662 8.61 
Y 4.26-38 0.71 4.26 - 32.9 0.45 
Zr 92.87 - 254.32 0.89 25.13 -254.32 1.00 
Nb 0.56 - 273-85 0.39 0.56 - 273-85 0.36 
Cs 0.011-3.65 0.047 0.011-3.65 0.039 
Ba 35.44 - 1221 3.20 35.44 - 1221 2.64 
La 0.93 - 178.43 0.677 0.93 - 178.43 1.329 
Ce 1.73 - 305.3 1.92 1.73 - 305.3 2.10 
Pr 0.25 - 32.03 0.14 0.25 - 32.03 0.126 
Nd 1.14- 110.53 0.59 1.14- 110.53 0.73 
Sm 0.38 - 14.84 0.11 0.38 - 14.84 0.14 
Eu 0.12-4.06 0.045 0.12-4.06 0.074 
Gd 0.44 - 6.68 0.35 0.44 - 6.4 0.47 
Tb 0.08- 1.05 0.023 0.08-1.13 0.024 
Dy 0.59-8.1 0.14 0.59-8.1 0.20 
Ho 0.12- 1.26 0.03 0.12- 1.13 0.03 
Er 0.48 - 4.2 0.08 0.48 - 4.2 0.097 
Tm 0.09 - 0.56 0.017 0.09 - 0.69 0.015 
Yb 0.68- 3.38 0.028 0.68 - 3.06 0.034 
Lu 0.11-0.6 0.023 0.11-0.6 0.025 
Hf 0.69 - 28 0.11 0.69 - 28 0.19 
Ta 0.052 - 9.38 0.041 0.052 - 9.38 0.060 
Pb 1.62-36 0.71 1.62-36 0.389 
Th 0.13-28.72 0.08 0.13-28.72 0.104 
U 0.16-6.52 0.04 0.16-6.52 0.03 
Table AI.7 - Standard error of the regression of ICP-MS analytical results on 
recommended values for international standards. Data shown separately for sample 
powder and fusion disc digestion. 
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(1) Contamination with extraneous material during sample preparation. This is 
difficult to correct, but it can be monitored through the preparation of blanks, and 
minimised by the use of a high-cleanhness laboratory and adequate precautions during 
preparation. 
(2) Contamination from analytical reagents. This seems to be negligible for most 
analytes and can also be monitored by the preparation of blanks. The contamination is 
directly related to reagent grade, and was minimised by the use of high purity acids. 
Throughout this research sample digestion was done in Aristar (or equivalent grade) 
acids to ensure minimal contamination. 
Contamination related to items (1) and/or (2) is reflected in the blank values for 
the elements Sc, V, Cr, Ni, Cu, Zn. Al l the other elements were negligible in the blanks, 
indicating very low levels of contamination. 
More significant contamination affected samples that required fusion prior to 
analysis. This was observed in the blanks for Cr, Ni and Sc concentrations, and is at 
least partially linked to the Ni crucibles used to store and dry out the flux before the 
fusion was conducted. Fortunately, the affected elements can be reliably determined by 
XRF. 
Furthermore, platinum crucibles used in the fusion process are a likely source of 
contamination in platinum-group elements (although these were not studied during this 
research). Finally, and perhaps more importantly, the flux used in the production of 
fusion discs was found to be a considerable source of La contamination. This was 
confirmed by analyses of pure flux, which revealed variable La concentrations (up to 20 
ppm in Spectroflux 100 and up to 70 ppm in Spectroflux lOOB, for the batches used in 
this research). This is likely to affect the lower range of the calibration line for La, as 
well as blank deductions. The impact of La contamination of this magnitude is small 
compared with the high concentrations of REE in most of the samples studied, although 
it could be substantial for comparatively REE-poor rocks. 
(3) Polyatomic ions. Some of the elements present in the sample may combine 
with argon, fluorine, nitrogen, hydrogen or oxygen during the analysis. All the 
mentioned elements are readily available in the system: (a) hydrogen, oxygen and 
nitrogen are present in both the atmosphere and the diluted HNO3 solution; (b) Argon is 
the medium for sample introduction in the system and is present in the plasma torch; (c) 
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fluorine should have been mostly removed as SiF4 during sample preparation, but is still 
potentially present in the final analysed solution. Additionally carbon (or CO2) may be 
present in some sample matrices. The use of HNO3 instead of HCl for sample 
preparation is preferred, since atmospheric nitrogen would be an unavoidable potential 
interference in any case. The analysis of specially prepared standard solutions of single 
elements allows polyatomic interferences to be identified, quantified and corrected for. 
Figure 1.2 demonstrates the effect of the formation of barium oxide on the signal 
of other analytes. A standard synthetic solution containing 10 ppm Ba was analysed and 
produced spurious signals in the mass range 146 to 156, as a result of the combination 
of various barium and oxygen isotopes. Oxide formation during analysis is dependent 
on plasma temperature (the colder the plasma the higher the probability of oxide 







i E + 0 0 
Figure AI. 2 - Effect of polyatomic and double-charged ions during ICP-MS analysis of a solution of 
10 ppm Ba. False high signal intensities are produced in the mass ranges 65 to 69 (double-charged 
Ba) and 146 to 156 (combination of various Ba and O isotopes). Note that the intensity axis is log-
scaled. Signal corrected for background 
(4) Double-charged ions. When the sample is introduced in the plasma the atoms 
of the elements in solution are stripped of one electron, generating ions charged +1. 
Some elements, however, are more easily ionised, and can loose a second electron 
during analysis. Since signal intensity measurements in ICP-MS are made on 
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mass/charge ratios, the presence of a certain amount of double-charged ions of an 
element "E" will produce a spurious signal at half the mass of that element. For 
example, note in Figure AI.2 the spurious signals in the mass range 65 to 69 caused by 
various double-charged Ba isotopes. The formation of double-charged ions is dependent 
on the ionisation potential of the element and on the plasma temperature and sample 
flow rate. As in item (3), careful adjustment of the latter two parameters can minimise 
this type of interference. When necessary, correction factors were calculated and 
implemented in the analytical software. 
(5) - Isobaric interferences are produced when different elements have isotopes 
with identical masses. In this case the signal from the two interfering isotopes can only 
be discriminated by high-resolution mass spectrometry. Therefore, an isotope free of 
isobaric interference was preferably chosen as the analyte whenever possible. The 
remaining, unavoidable isobaric interferences are corrected for by measuring the 
interfering element at an interference-free isotope. The applied correction factor is based 
on a constant ratio between isotopes. 
Interferences related to items (3) to (5), i f not corrected for, will result in the 
affected elements being reported with erroneously high concentrations. 
(6) Incomplete digestion of refractory mineral phases in HF-HNO3. This 
problem can be overcome by fusing the sample prior to HF digestion. During this study 
a series of digestion tests were carried out on samples where there was petrographic 
evidence of the presence of zircon. Figure 1.3 illustrates the difference in results 
obtained for a Tapira syenite, prepared from both the original sample powder and a 
fusion disc. The diagram shows a remarkable difference, not only in the concentrations 
of Zr and Hf but also in the heavy rare-earth elements (HREE). This is consistent with 
the tendency of zircon to be enriched in HREE (e.g. Hinton and Upton, 1991). 
The magnitude of the error related to partial digestion of zircon is not constant. 
The relative differences in Zr, Hf and HREE concentrations between fused and non-
fused powder vary substantially from sample to sample, although in the zircon-bearing 
rocks from Tapira and Salitre some degree of partial digestion was always observed. 
However, not all Zr-rich samples show this effect, as illustrated (figure 1.4) by tests 
carried out on the international standard STM-1 (Zr = 1210 ppm). The reasons for this 
may be differences in the grain size of the powder, variation of temperature during 
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digestion or, alternatively and perhaps more likely, differences in the composition of 
zircon. Kresten et al. (1975) and Belousova et al. (1998) described kimberiite zircons as 
typically U- and Th-poor. Presumably, the crystal structure of this type of zircon would 
be less prone to have suffered radiation damage and therefore harder to destroy during 
acid digestion. Even i f that is the case, the existence and magnitude of the divergence in 
the heaviest REE patterns would still depend on their actual enrichment factors in 
zircons of different origins. 
Finally, the use of fused samples for ICP-MS analysis poses an additional 
concern, regarding the chemical homogeneity of the fusion disc itself. To assess this 
problem, several parts of a single disc (standard K2AVI) were independently digested 
and analysed. The relative standard deviations obtained are reported in table 1.8 and 









X R F 
X Powder ICP-MS 
Fusion ICP-MS 
Ba Rb Th K Nb Ta La Ce Sr Nd Sm Zr Hf Ti Tb Tm Yb Lu 
Figure AI.3 - Comparison of results of ICP-MS analysis on fused and non-fused syenite from 
Tapira. Note the differences in Zr, Hf, Y and the heaviest REE (Tm, Yb, Lu). Also noticeable is the 
agreement between Zr results obtained from fusion disc and independent Zr by XRF. Normalising 
factors from Thompson et al. (1984). 
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Figure AI.4 - ICP-MS results obtained from fused and non-fused starting materials for international 
standard STM-1, compared to recommended concentrations. The diagram shows that there are no 
significant differences between the two preparation methods and that both are in good agreement 
with the recommended values for this standard. Reference values from Potts et al. (1992) and 
Normalising factors from Thompson et al. (1984). 
RSD (%) RSD (%) RSD (%) 
Sc 7.94 Y 0.69 Tb 2.49 
Ti 0.79 Zr 1.07 Dy 1.37 
V 2.55 Nb 0.89 Ho 0.88 
Cr 14.21 Cs 0.36 Er 2.52 
Mn 0.47 Ba 0.67 Tm 5.28 
Co 0.89 La 0.86 Yb 2.51 
Ni 48.13 Ce 0.54 Lu 3.88 
Cu 0.94 Pr 0.61 Hf 1.72 
Zn 3.48 Nd 0.68 Ta 0.53 
Ga 1.98 Sm 0.98 Pb 1.12 
Rb 0.46 Eu 0.88 Th 0.32 
Sr 0.48 Gd 1.44 U 0.44 
Table AI.8 - Relative standard deviation in the analysis of different portions of a single 
fusion disc by ICP-MS 
Comparison of ICP-MS and XRF results. 
The availability of trace-element data from two independent analytical 
techniques allowed cross-checking of results, and assisted in calibrating each method. 
For instance, Zr results from XRF can be used to evaluate incomplete acid digestion and 
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La, Ce and Nd from XRF can be checked against the more-accurate ICP-MS results. 
Figure 1.5 shows the compared results for selected elements. 
A 1.2.5. C A R B O N AND SULPHUR ANALYSIS 
Sample preparation 
The method does not require special sample preparation other than previously 
drying the sample powders at 105°C to remove moisture. 
Analytical procedure 
An aliquot of 0.2 g of sample powder was weighed into a ceramic container and 
transferred to a furnace at 1375 °C. Carbon and sulphur are analysed by infrared 
absorption on separate aliquots, using independent furnaces in which the adequate 
detectors are installed. The samples were analysed at the University of Brasilia using 
LECO CR-12 (carbon) and SC-132 (sulphur) furnaces. Oxygen (99.99%) was the carrier 
gas. Analytical results are reported together with the whole-rock data in Appendix 3. 
Calibration and data quality assessment 
Calibration of the analytical method is very simple and can be done with a small 
number of standards. Carbon calibration was based in pure CaC03 (LECO ref 501-034) 
and for sulphur a set of LECO calibration standards (coal samples) was used. The 
detection range of the method is 0.001 to 99.99% for carbon and sulphur. Typical 
accuracy is ± 1% of the actual content and sensitivity is 0.001 %. Analytical precision 
was determined by replication of analysis of a given sample and a calibration standard 
throughout the analytical run. Typical RSD (%) values obtained were 2.45 for carbon 
and 5,44 for sulphur. 
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Figure AI.5 - Comparison of XRF and ICP-MS results for selected elements 
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A 1.2.6. F E R R O U S I R O N ANALYSIS 
Ferrous iron was determined by titration. The analyses were kindly performed by 
Dr. Geraldo R. Boaventura, at the University of Brasilia. Sample preparation and 
analytical procedures were according to the method of Wilson (1955), modified by 
Whipple (1974). As stressed by Whipple (1974), one major difficulty of this method is 
posed by the presence of sulphides in the sample. In this case, S " will tend to reduce 
various ions in the solution and consequently overestimate Fe^ ^ results. Caution must 
therefore be exercised in interpreting FeO results in sulphur-rich samples. 
A 1.2.7. S R AND N D ISOTOPE ANALYSIS 
Sample preparation 
Sample preparation was carried out in the Geochronology Laboratory at the 
University of Brasilia 
Teflon vials were cleaned in a mixture of HF, HCl and HNO3 An aliquot of 
approximately 0.02g of sample powder was used for analysis. The powder and an 
internal spike solution were accurately weighed into the Teflon vials. Sample digestion 
was carried out on a hot plate according to the following successive steps: (1) digestion 
in HF and HNO3; (2) evaporation; (3) re-dissolution in HF and HNO3; (4) evaporation; 
(5) dissolution in 6N HCl; (6) evaporation; (7) final dissolution in 2.5N HCl. The 
solutions were passed through ion-exchange columns and Sr, Sm and Nd were 
separately collected for analysis. Al l steps of sample preparation were carried out in a 
high cleanliness laboratory, under positive atmospheric pressure. Al l reagents were 
distilled for maximum purity. 
Analytical procedure 
The analyses were kindly performed by Dr. Marcio M . Pimentel, at the 
geochronology laboratory of the University of Brasilia. Analytical results are given in 
Appendix 3. 
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APPENDIX I - ANALYTICAL TECHNIQUES AND DATA ASSESSMENT 
A1 .3 . M I N E R A L ANALYSIS 
Chemical composition of several individual mineral phases in various rocks 
from Tapira and Salitre was investigated by the following techniques: (a) electron 
microprobe; (b) carbon and oxygen stable-isotope analysis and (c) trace-element 
analysis by ICP-MS. 
A 1.3.1 - E L E C T R O N MICROPROBE ANALYSIS 
Electron microprobe analyses were carried out at the Universities of Brasilia and 
Cambridge. 
Sample preparation 
Thin sections of selected samples were polished and coated in carbon under 
vacuum. 
Analytical procedure 
Analyses at both Cambridge and Brasiha were carried out with a CAMECA SX-
50 electron microprobe, equipped with three WD spectrometers and a LINK ED system. 
Silicates were primarily analysed by EDS at 20 nA and 20 kV, but F, Zr and Ba 
were determined by simultaneous WDS at 20 nA and 20 kV. 
To minimise sample damage, analyses of carbonate were performed at 20 kV 
and 3 nA, with the beam size set to 15 microns. Lead was determined by WDS and all 
other elements by EDS. 
For perovskite, all elements were determined by WDS. Operating conditions 
were 20 kV and variable current (20 - 100 nA), adjusted to optimise trace-element 
detection in specific cases. 
Analytical data and calculated mineral formulae are reported in Appendix 2. 
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Calibration and data quality assessment 
: Standards used in calibration comprised pure elements, oxides and minerals. 
Analytical data were processed with LINK SPECTA. According to Reed (1996), typical 
detection limits are 0.1 % for EDS analysis and 50 ppm for WDS analysis. Counting 
precision is typically ± 1 % and typical accuracy is between ± 1 % and ± 2%. 
A 1.3.2 - C A R B O N AND O X Y G E N S T A B L E ISOTOPE ANALYSIS 
Sample preparation 
Calcite- and dolomite-carbonatites from Tapira and Salitre were disaggregated 
and sieved to produce a size-limited concentrate, compatible with the average grain-size 
of the rock. The disaggregated sample was fed through a Frantz isodynamic magnetic 
separator, to remove magnetically susceptible minerals such as magnetite and 
phlogopite. The non-magnetic portion of the sample comprised mainly carbonates and 
apatite, from which the carbonate was then separated by hand-picking under a binocular 
microscope. The type of carbonate present in each sample (calcite, dolomite or a 
mixture of both) was determined by X-ray diffractometry and its composition further 
confirmed by qualitative EDS electron microprobe analysis. The final mineral separate 
was stored in labelled self-sealing bags for future isotope analysis. 
An aliquot (usually 10 to 15 mg) of carbonate was accurately weighed and 
loaded into a reaction tube. The sample was reacted under vacuum with 100% 
phosphoric acid at 25 °C, to produce CO2, as illustrated (for calcite) by the following 
reaction: 
3CaCO,+2H,PO, <^ 3C0, + CaJPO,), + H,0 
The resulting gas phase was then extracted into an evacuated system and 
distilled through a dry-ice trap to remove H2O. CO2 was subsequently collected in a 
liquid nitrogen trap. Vacuum in the extraction line was carefully controlled at all stages, 
to monitor potential leakage and consequent gas loss or atmospheric contamination. 
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A s calcite and dolomite react at d i f ferent rates (Epstein et al, 1964; Walters et 
al, 1972), i t is possible to obtain separate C O 2 fractions f o r each mineral , in calcite-
do lomi te mixtures , by carefu l ly t i m i n g the extraction. C O 2 evolved f r o m calcite was 
extracted 1 hour after the in i t i a t ion o f reaction, when most o f the calcite had been 
consumed, but do lomi te had not yet started to react. The gas produced between 1 and 8 
hours o f reaction was discarded to remove any remaining C O 2 evolved f r o m calcite. 
C O 2 produced thereafter should be derived only f r o m dolomite and this was f ina l ly 
extracted after 24 hours o f the in i t i a t ion o f reaction. For either pure calcite or pure 
do lomi te C O 2 extraction is much simpler and was made after reaction complet ion. 
The f ine grain size o f carbonates i n the groundmass o f silicate-carbonate rocks 
(phlogopite-picri tes and l o w - C r dykes) precluded analysis o f pure carbonate separates. 
Instead, the analysis was carried out on the whole-rock powder, adjusting the sample 
al iquot to produce an amount o f C O 2 equivalent to that obtained f r o m carbonate 
separates. M o s t dyke samples were analysed on aliquots o f 100 to 200 mg , and yielded 
acceptable amounts o f C O 2 . Reaction and gas extraction procedures were identical to 
those described f o r carbonate separates. 
Analytical procedure 
Carbon and oxygen isotopic compositions o f calcites and dolomites f r o m 
carbonatites, phlogopite-picri tes and l o w - C r dykes were determined by mass 
spectrometry at the Univers i ty o f Brasi l ia and the Technical Univers i ty o f Mun ich . 
Oxygen isotopic composi t ion was corrected to calcite and dolomite by applying the 
f rac t iona t ion factors o f 1.01025 and 1.0111, respectively. Results were expressed in the 
usual delta per m i l (5%o) notation, w h i c h represents the deviat ion o f the analysed sample 
f r o m a reference composi t ion. The value o f 6 is calculated by: 
8 = 
^ R sample ^ 
R reference j 
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where R is the isotope ratio (i.e. ^^O/^^O f o r oxygen, ^^C/^^C f o r carbon). The reference 
value f o r S^^O is Standard Mean Ocean Water ( S M O W ) and f o r 6^^C is the Pee Dee 
Belemni te ( P D B ) . Ana ly t i ca l results are reported i n Appendix 3. 
Calibration and data quality assessment. 
Tota l analytical error is estimated as 0.01 %o. Replicate samples used to test 
consistency between the two laboratories show good agreement, as il lustrated by table. 
1.9, A l s o shown is the result f o r the internal standard used i n Brasi l ia . 
Brasi l ia M u n i c h 
Sample 
at060a 7.60 -7.35 7.96 -7.33 
at050 7.95 -7.65 8.37 -7.65 
at047 8.17 -7.26 8.05 -7.23 
Read Expected 
internal standard 12.48 -6.69 12.09 -7.00 
18 13 
Table AI.9 - Comparative results for 5 O and 5 C in replicate samples analysed by 
independent laboratories 
A 1 . 3 . 3 - A N A L Y S I S O F I N D I V I D U A L M I N E R A L S B Y I C P - M S 
Samples were disaggregated w i t h a rock splitter and crushed to match the grain 
size o f the target minerals i n each rock. The sample was then f e d through a Frantz 
isodynamic magnetic separator. Each f rac t ion was subsequently washed i n M Q pure 
water, and very f ine-grained fract ions were discarded to produce a roughly size-limited 
concentrate. The f i n a l mineral separates were pu r i f i ed by careful hand-picking under a 
binocular microscope, checked f o r pur i ty by X- ray d i f f r ac t ion , and then ground 
manual ly w i t h an agate pestle and mortar. Sample digestion, analytical procedures and 
statistical assessment are the same as those described i n section 1.5. Analyt ica l results 
can be f o u n d i n Append ix 2. 
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gli or RR reaction rock 
tr x,y microprobe traverse along a 
single grain, x = traverse 





n.a. not analysed 
* in carbonate analyses, 1 and 2 
denote first and second 
generation of carbonate 
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Appendix 2 - Mineral chemistry data 
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Table A2.13 - ICP-MS analyses of mineral separates from the Tapira complex 
Apatite Calcite Phlogopite Perovskite Clinopyroxene 
Cr 0.155 0.000 0.976 0.170 0.394 
Ni 6.195 6.516 45.246 4.397 11.335 
Co 0.631 0.909 69.415 2.079 23.026 
Sc 0.000 0.000 5.671 0.000 111.595 
V 19.112 0.350 39.632 122.722 45.853 
Cu 0.014 1.083 12.302 245.290 7.272 
Pb 2.716 5.676 1.128 6.435 2.165 
Zn 0.000 0.508 94.409 655.752 30.102 
Ba 95.214 2621.300 11407.000 45.160 142.956 
Rb 0.094 0.389 244.880 0.778 1.680 
Sr 16798.000 17031.400 65.350 4180.730 656.649 
Cs 0.002 0.017 3.385 0.030 0.038 
Ga 21.347 2.746 24.462 31.523 3.397 
Nb 0.985 1.833 27.480 6048.540 18.490 
Ta 0.040 0.152 0.284 240.068 0.214 
Zr 2.480 5.195 64.364 1093.220 307.251 
Hf 0.218 0.117 1.602 45.078 10.650 
Y 285.762 71.130 0.368 551.918 12.689 
Th 6.096 0.471 0.263 176.462 1.130 
U 3.318 0.372 0.188 113.957 0.208 
La 2890.610 461.097 3.485 5989.180 32.163 
Ce 6929.760 936.320 6.603 11352.150 64.832 
Pr 907.000 90.419 0.744 1186.070 7.695 
Nd 3235.216 315.665 2.710 4279.560 29.831 
Sm 459.576 40.162 0.361 624.110 4.988 
Eu 108.181 10.974 n.a. 171.960 1.487 
Gd 222.143 26.454 n.a. 385.560 3.834 
Tb 24.162 3.131 0.013 48.172 0.509 
Dy 85.955 13.621 0.049 191.435 2.498 
Ho 11.143 2.152 0.011 26.038 0.406 
Er 19.607 4.864 0.020 44.298 0.962 
Tm 2.038 0.648 0.004 4.375 0.142 
Yb 9.054 3.448 0.033 17.802 0.916 
Lu 1.037 0.481 0.007 1.807 0.154 
458 
A p p e n d i x 3 - W h o l e - r o c k a n d i s o t o p e g e o c h e m i s t r y 









RR reaction rock 
CR country rock 
n.a. not analysed 
b.d. below detection 
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A P P E N D I X 3 - W H O L E - R O C K A N D I S O T O P E G E O C H E M I S T R Y 
Table A3.3 - Carbon and oxygen isotopic composition for various rocl<-types from Tapira and Salitre 
Sample Unit /Locali ty Rock type Mineral C 0 2 d l 8 0 d l 3 C 
asl017 Salitre cbt calcite 39.54 7.4 -7.0 
aslOlS Salitre cbt calcite 36.55 7.8 -6.9 
asl022 Salitre cbt calcite 39.36 6.9 -7.1 
asl023 Salitre cbt calcite 40.49 7.3 -6.9 
asl024 Salitre cbt dolomite 42.36 8.1 -6.5 
asl026 Salitre cbt calcite 43.24 7.3 -7.2 
asl028 Salitre cbt calcite 39.54 7.4 -6.9 
asl030 Salitre cbt dolomite 47.38 8.6 -6.4 
asl032 Salitre cbt calcite 30.23 . 7.3 -7.2 
asl035 Salitre cbt calcite 44.63 7.2 -7.0 
asl039 Salitre cbt calcite 44.45 7.3 -7.1 
asl040 Salitre cbt dolomite 36.24 8.0 -6.6 
at013 php calcite 9.05 9.8 -5.8 
at014 php calcite 6.60 10.9 -6.1 
at021b php calcite 2.90 19.0 -8.9 
at021b php calcite 2.90 17.7 -8.8 
at022 php calcite . 5.96 9.3 -6.2 
at024 Icr calcite 12.50 14.7 -6.4 
at028 Icr calcite 13.14 9.4 -5.8 
at028 Icr dolomite 13.14 8.7 -5.1 
at042 C I cbt calcite 9.6 -6.8 
at043 C3 cbt calcite 25.06 7.8 -7.6 
at044 C I cbt calcite 37.23 11.5 -6.5 
at045am C2 cbt calcite 42.54 11.9 -6.5 
at045am C2 cbt dolomite 42.54 8.2 -6.4 
at045b C2 cbt calcite 42.54 8.8 -7.1 
at045b C2 cbt dolomite 42.54 7.8 -7.1 
at046a C2 cbt calcite 42.73 8.8 -7.0 
at046a C2 cbt dolomite 42.73 7.9 -7.0 
at046bm C2 cbt calcite 42.73 8.8 -6.8 
at046bm C2 cbt dolomite 42.73 7.6 -6.6 
at047 C2 cbt calcite 38.84 8.0 -7.2 
at048am C I cbt calcite 43.61 8.4 -5.8 
at048am. C I cbt dolomite 43.61 6.3 -5.6 
at048b C I cbt calcite 43.61 7.3 -5.8 
at048b C I cbt dolomite 43.61 5.4 -5.6 
at049 C2 cbt calcite 44.49 8.7 -7.1 
at049 C2 cbt dolomite 44.49 8.4 -7.1 
at050 C2 cbt calcite 40.86 8.4 -7.6 
at051 C2 cbt calcite 42.14 8.1 -7.0 
at051 C2 cbt calcite 42.14 8.1 -7.6 
at051 .C2 cbt dolomite 42.14 7.8 -7.6 
at053b C5 cbt dolomite 34.06 8.6 -6.4 
at054 C5 cbt dolomite 9.1 -6.3 
at055 C I cbt calcite 42.65 8.9 -7.1 
at056 C2 cbt calcite 40.64 8.7 -7.0 
at057 C2 cbt calcite 33.26 12.8 -4.9 
at058a C2 cbt calcite 36.60 11.4 -4.9 
at059 C I cbt calcite 32.54 9.4 -7.6 
at060a C3 cbt calcite 8.0 -7.3 
at060b C3 cbt calcite 32.83 8.0 -7.3 
483 
J . A . B R O D 
Table A3.3 - Carbon and oxygen isotopic composition for various rock-types from Tapira and Salitre 
at 102 C I cbt • calcite 35.62 9.2 -7.6 
at 104 RR dolomite 5.09 19.6 -6.1 
at 120 php calcite 4.10 9.7 -7.4 
a t l27 • C4 cbt calcite 44.96 7.5 -8.1 
a t l31 C4 cbt calcite 33.21 7.0 -8.3 
at 140 C I cbt calcite 42.87 11.4 -7.2 
at201 Icr calcite 12.05 15.0 -6.5 
at204 php calcite 9.05 12.4 -5.5 
at205 Icr calcite 10.26 8.0 -6.0 
at208 Icr calcite 13.87 11.0 -4.3 
at209a Icr calcite 10.67 8.5 -6.2 
at210 Icr calcite 17.23 12.6 -5.5 
at210 Icr dolomite 17.23 9.6 -4.9 
at211 Icr calcite 9.10 10.0 -5.7 
at212 C2 cbt,dk calcite 20.13 9.3 -6.0 
at212 C2 cbt,dk dolomite 20.13 11.1 -5.3 
at213 Icr calcite 16.27 10.9 -6.8 
at219 C2 cbt,dk calcite 27.01 13.8 -4.3 
at219 C2 cbt,dk dolomite 27.01 14.7 -3.5 
at301 syenite calcite 4.67 12.1 -6.1 
taplb C2 cbt,bre calcite 17.73 13.2 -5.4 
taplb C2 cbt,bre dolomite 17.73 12.5 -4.5 
tp90 2 C2 cbt,bre calcite 15.90 11.5 -5.7 
tp90 4b php calcite 14.24 12.9 -5.5 
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A P P E N D I X 4 - M O D A L COMPOSITION OF S P S 
ULTRAMAFIC ROCKS 
The modal composition of wehrlites, bebedourites and apatite- and perovskite-
rich cumulates of the Tapira SiUcate Plutonic Series (SPS) were determined on thin -
sections, using an automatic point-counter. On average, 1000 points were determined 
per sample. The spacing between points was adjusted to suit the grainsize of the sample. 
Results are given in Table A4.1. 
Table A4 .1 - Modal composition of SPS ultramafic rocks 
B l 
Sample J Olivine ^  Diopside ; Phlogopitt J Perovskitc i Apatite J Sphene J Game t Opaque^ 5 Carbonate 5 Feldspar(?) 
atOOl 56.8 6A [ 5.: I 14.8 [ l l . ( y 1.8 
at003 36.2 24.7 SA \ l l .C ) 15.C ) 5.2 
at004 30.1 41.C ) 8.1 17.8 3.C ) 
at006 59.2 5.e 10.2 15.8 OA [ 8.2 0.6 
atOOV 26.5 6.3 28.5 18.3 20.4 
at009 36.0 26.C 10.4 16.C 11.6 
atOlO 53.8 8.8 15.6 13.6 8.2 
at014b 5.0 2.9 40.C 12.9 19.2 20.0 
at015 21.8 6.0 30.2 18.4 23.6 
at016 30.8 7.6 2.8 23.8 31.0 4.0 
at025 40.2 11.4 26.8 12.4 4.6 4.6 
at026 70.2 15.0 4.9 5.5 0.4 2.4 1.6 
at027f 64.8 4.0 1.4 9.2 0.6 20.0 
at027g 51.8 4.6 19.4 11.0 13.2 
at034a 25.6 30.4 0.2 12.0 31.0 0.8 
at035 73.8 7.2 12.0 4.0 0.6 1.0 1.4 
at036a 49.0 7.0 16.6 14.6 12.8 
at036b 26.8 33.6 9.0 30.0 0.6 
at037 38.4 28.0 14.4 10.0 9.2 
at040 30.4 19.0 12.4 11.4 25.6 1.2 
a t lO la 21.4 19.4 28.8 12.6 7.6 10.2 
a t lO lb 29.8 14.0 23.0 12.0 9.2 12.0 
a t l l l b 60.8 4.4 9.4 7.4 18.0 
a t l l l c 64.6 0.4 9.2 8.0 17.8 
a t l l 2 a 55.6 5.2 8.4 13.6 0.6 16.6 
a t l l 3 61.0 7.6 5.8 14.4 0.8 10.4 
a t l l 4 60.0 16.3 12.8 5.3 4.7 0.9 
a t l l 8 48.6 8.8 9.0 12.4 20.0 1.2 
atl26c 48.2 9.0 12.6 15.9 14.3 
a t l26d 46.2 6.6 9.9 19.0 0.3 16.0 2.0 
a t l29 69.2 2.2 9.0 9.0 10.6 
at217 43.2 23.2 12.8 10.0 1.0 9.8 
B2 
Sample Olivine Diopside Phlogopite Perovskite Apatite Sphene Garnet Opaques Carbonate Feldspar(?) 
at008 70.8 7.4 9.6 3.4 6.0 2.8 
a tO l l 28.4 34.3 24.0 10.2 3.1 
at017 82.0 2.1 0.2 2.6 0.5 3.2 9.4 
at023 50.0 35.0 15.0 0.0 
at029 67.4 7.2 3.6 9.0 5.6 6.0 1.2 
at030 63.2 21.6 13.0 1.0 1.2 
at032 72.8 4.2 6.5 7.2 9.3 
at033 53.8 22.8 5.2 2.4 0.8 14.2 0.8 
at038a 63.0 8.4 5.8 12.0 3.2 4.0 1.6 2.0 
at038b 65.0 4.8 4.1 11.9 6.0 3.8 1.8 2.6 
at l05 66.8 2.8 7.4 16.4 6.6 
a t l09b 37.2 43.2 15.4 4.0 0.2 
a t l lOa 46.8 5.6 1.4 11.6 1.2 21.8 11.6 
a t l lOb 43.4 9.2 16.4 30.4 0.2 0.4 
a t l l 4 b 61.6 22.4 2.0 8.4 3.0 2.6 
a t l l 4 c 68.0 20.0 2.5 5.5 3.8 0.2 
at 125 24.0 38.0 9.8 0.6 24.4 3.2 
at l26a 6.2 30.0 18.2 0.2 17.8 16.4 9.8 1.4 
at l26b 24.2 23.6 19.0 14.4 13.2 4.2 1.4 
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